

s' 
*. 







HYDRO-ELECTRIC POWER 


VOLUME I 

HYDRAULIC DEVELOPMENT 
AND EQUIPMENT 



BOOKS BY 

LAMAR LYNDON 


Hydro-Electric Power-Two Volumes 



HYDRO-ELECTRIC 

POWER 


VOLUME I 

HYDRAULIC DEVELOPMENT 
AND EQUIPMENT 


BY 

LAMAR LYNDON 




/o'- 


1 'S MW 


Fikst Eu^tos 
Sixth Iuchxbhion 


McGRAW-HILL BOOK COMPANY, Inc. 
NEW YORK: 370 SEVENTH AVENUE 

LONDON: 648 BOUVERIE ST., E. C. 4 
1016 



, CoPTRIaHT, 1916, BT THE 
MoGbaw-Hiu, Book Company, Inc. 

e " ,KTK " ' N '•'"™ "TATKH „k AMERICA 




PREFACE TO VOLUME I " ‘ 

In writing this book it has been the intent of the Author to 
produce a work for the guidance of engineers in the practical 
design of hydro-electric plants, which would have the character¬ 
istics of accuracy, clearness and completeness. Scientific dis¬ 
cussions of various hypotheses and theories have been omitted 
except in cases where their incorporation in the text has been 
essential to the understanding of the subjects treated. 

Where a divergence of views exists among engineers, the only 
wise procedure is to follow safe, current practice, and this fact 
has guided the preparation of certain portions of this work. 
However, the Author has been compelled to take issue with a 
few conclusions which are, generally, accepted by the engineering 
profession, as in the theory of uplift pressure under solid dams. 

Certain of the methods of treatment are new. In every case, 
a consistent adherence to the physics of the problem has been 
maintained, and in practically every instance, the physical 
phenomena are apparent in the equations and mathematical 
discussions. Seldom have abstract mathematics been employed 
and only under stress of absolute necessity.' 

A number of new and original formula appear for the first 
time, here. Among these may be mentioned the exact formula 
for solid dams, and for the magnitude and location of the result¬ 
ants of forces acting on dams. 

Occasional repetitions, both of statements and conclusions, 
wjl^efound. The object of these duplications is for the pur- 
pose of making complete any single chapter or section of the book. 
Treatises of this character are seldom read through consecutively, 
but are used for reference, and it is both an annoyance and a 
waste of time to search through every part of a book for, data 
on some single subject. The avoidance of this necessity has been 
one of the objects that has been attempted in this book. Like¬ 
wise, and for the same reason, frequent repetitions of the mean¬ 
ing of tiie symbols used in the formula will be found. Engineers 
who, in impatience and Innoyance, have been accustomed to 
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hunt back through many images to determine what the symbols 
mean id a much needed formula, will appreciate this feature. 

This work was written as a single volume, but its magnitude 
has Compelled its separation , into two volumes, and the division 
has been made as well as the conditions and the judgment of the 
Author would allow. Some of the material in Volume I belongs, 
in a measure, to the subjects which comprise Volume II, and 
vice verta. 

An effort has been made to eliminate all errors, particularly 
in the formul®. The Author, and publishers, will be truly 
grateful to any reader who will advise them of any incorrect 
formula and, also, of statements or discussions which appear 
obscure and wanting in clearness. Obscurity is as great a fault 
as a wrong formula. Criticisms from engineers who are new in 
the art are of particular value. 

The Author here expresses his appreciation of, and sincere 
thanks for, the assistance he has received from several eminent 
engineers and scientists in the preparation of this book. Among 
others who have contributed to give it any merit it may possess 
are: Dr. A. S. Chessin, Mr. F. S. Taylor and Mr. A. G. Hillberg. 

Many of the manufacturing companies have been courteous 
in furnishing photographs and data, and their names are men¬ 
tioned in appropriate places in the text. 

LAMAR LYNDON. 

N»w York, October, 1916. 
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A 

Abnormal Penstock pressures, 42G, 
435 

Abutments and retaining walls, 241 
Acceleration of moving column of 
water, 426, 454 

Accuracy of determinations, 30 
Adhesion of concrete to steel, 200 
Advantages of reinforced concrete 
dams, 243 

Aggregate for concrete, 261 
Air chambers, 142 

pressure-temperature relation, 
adiabatic expansion, 457 
pump on siphon, 137 
valves, 143, 453 
computation of, 455, 458 
velocity through opening, 455, 
457 

weight of, 455, 456 
change with expansion, 456 
Ambursen dam, 244, 247 
Anchoring pipes, 148, 167 
Approach, velocity of, 49, 55 (sec 
“Orifices,” “Pipes,” 

“Weirs"). 

Aprons for spillways, 238 
Arch dam, 228 
Areas of pipes, table of, 123 
Artificial water-ways, 84 
Atlanta Water Power Co. dam, 227 
Austin (Texas) dam, 249 
■ Automatic crest gates, 286, 295,297 
Auxiliary power, steam, 7 
cost of, 7 

plant, capacity of, 7 
B 

Backwater curve, 25 

example of computation of, 27 
method of computation of, 26 


Bands for wood stave pipe, 163 
Bazin’s formula for discharge over 
weirs, 56 

for flow in streams, 19 
example for use of, 19 
relative accuracy of, 20 
values of m for, 19 
Bends, loss of head due to, 129 
Bemouilli’s Theorem, 114 
Booms, 305, 311 
Box, still, 47 
Bulkheads, 212, 223, 248 
Bulletins, U. S. Geological Survey, 
4, 10, 14, 81 
Bursting of pipes, 138 
Buttresses for hollow dums, 244 
(see “Dams, reinforced con¬ 
crete"). 

By-pass valves, 419, 440 
C 

Canals and flumes, 84 
Canals, costs of excavation of, 91 
data on, 90 
dimensions of, 84 
lining of, 86, 88 
protection of linings of, 89 
reduction of flow in, due to ice, 
86 

seepage in, 86, 88 
velocity of flow in, 85 
Catawba river dam, 227 
Centers of gravity, 171 

of irregular forms, 172, 174 
of non-homogencous sections, 
176 

of parabola, 174 
of trapezoid, 171, 173 
of triangle, 171 
Chambers, air, 142 
Characteristics of turbines, 345 
Characteristic speed of turbines, 345 
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Chemical methods of stream meas¬ 
urement, 40 
limitations of, 42 
Chezy’s formula, 18 
Cippoletti weirs, 69 
Clay, safe loads on, 196 
Collapse of pipes, 142 
table for, 144 

Colorado river (of Texas) dam, 22fi 
flow and drainage area of, 12 
gauge heights and discharges, 
11 

hydrograph of, 66 
Competitive power sites, 8 
Composition of velocities, 335 
Conconully dam, 282 
Concrete, adhesion to steel bars, 260 
canal linings of, 88 
expansion of, 104 
flumes, 102 
mixing, 261 

proportions by voids, 261 
shearing strength of, 260 
tensile strength of, 260 
Construction costs, 8 
Contours, example of, 82 
survey of, 6 

Contractions at weirs, 56 
Contracts, power, 6 
Corbels on walls of hollow dams, 245 
Cosines, natural, table of, 476 
Costs of development, 8 
Cotangents, natural, table of, 476 
Coupling shoes for wood stave pipe, 
164 

Cradles, pipe supporting, 149, 166 
Crest gates, automatic, 253, 285 
protection for, 345 
rolling, 301 
counterweight, 297 
staunchings for, 292 
Stickney, 295 
Stoncy roller, 292 
Tain tor, 299 

Crests for dams, movable, 283 
“Critical time” of valve closure, 438 
Cross sections of streams, 16 
Cube roots of numbers, table of, 482 
Cubes of numbers, table of, 482 


Current meters, 31 
Calibration of, 35 
interference by eddy currents, 
34 

rules for handling, 36 
stream measurements with, 31 
Curves, backwater, 25 
load, 70 
mass, 69, 74 
rating, 10 
Rippl, 69, 74 

Cut-off walls for dams, 225, 236 
Cylinder gates, 329 

D 

Damping drums, 39 
Dams, 171 

Atlanta Water l’ower Co., 227 
■arch, 228 

Eastwood’s multiple, 232 
Halligan, 231 
Hume lake, 232 
Salmon creek, 230 
bulkhead sections, 212, 223, 248 
Catawba river, 227 
centers of gravity of, 171, 216 
classification of typos of, 205 
Colorado river, 226 
computation of center of gravity 
of, 216 

conditions for tension in ma¬ 
sonry of, 186, 194 
crest, formula for curve of, 212 
example of computation of, 
215 

cubical contents of gravity, 
diagram, 221 

cut-off walls for, 225, 236, 237 
design of gravity, 211 
differences in pressures on two 
sides of, 179 

in overturning moments on 
two Bides of, 179 
earth, 278 
Conconully, 282 
hydraulic fill, 281 
typical, 280 

exact formula for gravity, 218 
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Dams, examples of gravity sections, 
225, 226, 227 

factor of safety against over¬ 
turning, 209, 217, 218,219 
forces acting on, 177, 179, 181, 
183 

foundations of, 234 
clay, 239 
limestone, 234 
safe pressures on, 239 
sand, 237, 243 . 

gravity, 205 
design of, 211, 214 
formulas for thickness of, 211, 
218 

minimum thickness for 
strengtli of material, 219 
with overhanging face, 223 
Hauser lake, 223 
hollow, concrete, 236, 239, 240 
Ambursen, 244 
at Austin, Texas, 249 
bulkhead sections, 248 
buttress walls, 244, 245 
spacing of, 244, 245, 251 
thickness of, 270 
calculation of, 263 
center of gravity of, 268 
contracted section, 252 
corbels on, 245 
expansion joints in, 271 
force acting against toe, 266 
formulae for reinforcement of, 
245, 256, 257 
partial spillway, 249 
quantities of materials in, 250 
reinforcement in two direc¬ 
tions, 258 

reinforcing steel, 262 
safe stresses in steel, 257 
shear on slabs, 258 
spacing of steel bars, 258 
thickness of buttress walls, 
270 

types of, 244 
water proofing, 261 
ice pressure against, 184, 188 
inclined face, 181, 186, 187 
length of spillway of, 5 


Dams, mats for, 196, 239,240 
middle third of base, 186 
movable crests for, 283 
with overflow, 179 
without overflow, 177 
overturning moment on, 179, 
180, 182 

pressure produced on toe of, 266 
resistance to overturning, 208 
to sliding, 206 

resultant, analytical determina¬ 
tion of magnitude of, 190 
of position of, 190,199 
of forces acting on, 185 
safe pressures on foundations of, 
195 

stresses on foundations of, 191, 
221 

toe of, radius of, 212 
formulae for, 213 
uplift pressure under, 183, 189, 
196, 238, 243 

vacuum produced by overfall, 
184 

Design of gravity dams, 211 

of reinforced concrete dams, 
263 

Development, costs of, 8 

Differences in pressure on opposite 
sides of dam, 179 
in overturning moment on op¬ 
posite sides of dam, 179 

Differential surge tank, 449 
computation of, 451 

Discharge through pipes, table of, 
121 

Diversity factor, 71 

Dosage method of stream measure¬ 
ment, 40 

Draft, rate of for decrease in lake 
level, 80 

tubes, 136, 329, 389 (see "Water 
wheels"). 

Drainage area, computation of, 12 
stream flow proportional to, 11, 
66, 69 

Drains for pipeB, 152 
in retaining walls, 242 

Dron in working head, allowable, 6 
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Drop in head through pipes, 121 (see 
“Pipes”). 

Drowned weirs, 54 

E 

Earth dams, 278 (see “Dams"). 
Eastwood’s multiple arch dam, 232 
Economic section of flumes, 93 
Effects of icc on canals, 86 
Efficiency of pipes as power carriers, 
122 

of water wheels, 339, 344, 352 
(sec “Water wheels"). 

Efflux through circular orifices, 62 
nozzles, 65 

rectangular orifices, 61 
sluice gates, 62 
Ejector, on siphon, 137 
Ellipse, area of, 395 
Energy delivered by fly-wheels, 421 
of falling mass, 1 
in flowing water, 113 
loss in conversion of, 2 
Engineering costs, 8 
Entry head, 126, 133 
ways for flumes, 91 
Erosion of water wheel runners, 368 
Evaporation, 81 

Excavation, cost of for canals, 91 
Expansion joints, 160, 242, 271 

F 

Factors in water power development, 

3 

Fall in streams, 5 
Filler gates, 313 

Finance of water power develop¬ 
ments, 7 
Flash boards, 283 
Flexure, moments of, 255, 258 
Floats, Grunsky’s coefficients for, 
32 

stream velocity measurements 
with, 31 
Flood marks, 15 
Floods, determination of, 16 
reduction in head due to, 80 


Flow in canals (see "Canals"). 
in pipes (see “Pipes"). 
in streams (see “Stream flow"). 
Flumes, concrete, 102 

economical section of, 93 
entry ways for, 91 
examples of design of, 108 
expansion of concrete, 104 
forces acting on, 99, 103 
Hess, 96 

length of end spans, 105, 108 
, McGinnis, 94 * 

open, 91 

ratio of steel and concrete areas 
in, 111 

sheet steel, 94 
supports for, 100, 104 
velocity and discharge in, 96 
wooden, 96 

Fly wheels, energy delivered by, 421 
moment of inertia of, 421 
Force of jet against a vane, 330 
Forces acting on dams, 177,179,181, 
183 

on flumes, 99 
Forobay, 304 
Foundations, 

limestone, grouting of, 234 
safe pressures on, 196, 239 
sand, 237 

cut-off walls for, 237 
for retaining walls, 241 
safe bearing pressures on, 239 
Francis formula for weirs, 44, 48, 49 
Francis, J. B., 328 
Francis turbine, 328 
Friction loss in pipes, table of, 121 
Fteley & Steams formula for sub¬ 
merged weirs, 54 

G 

Gates, crest, 253 
cylinder, 329 
filler, 313 
head, 312 
register, 329 
sluice, 319 
Stickney, 295 
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Oates, Stoney roller, 292 
Taintor, 299 

water wheel (se§ '“Water 
wheel*”). . 

wicket, 330 
Gauge heights, 10 
hook, 46 

Gauging of streams, U. S. Gov’t, 4, 
10 

General conditions, 1 , 

Generators electric moment of iner¬ 
tia of rotor, 423 
weight of rotor, 424 
Governor for water wheels, 460 
Gradient, hydraulic, 132 
Gravity, centers of, 171 (see “Centres 
of gravity”). 

centres of, of dams, 205 (see 
“Dams"). 

Grouting, 234 
limestone, '234 
machine, 235 

Gronsky’s coefficients for surface 
floats, 32 

H 

Halligan dam, 231 
Hauser lake dam, 223 
Hazen & Williams formula, 20 
example of use of, 21, 120 
values of “c" for, 20, 119 
of “F” for, 119 
of “k” for, 119 
Head, allowable drop in, 6 

conversion to equivalent veloc¬ 
ity, 17 

definition of, 2 
entrance, 126, 133 
gate hoists, 316, 317 
gates, 312 

loss of, in pipes, 117,158 
of through racks, 310 
net operating, 384, 396 
working, 133 

reduction in, due to floods, 80 
required for flow through sys¬ 
tem of pipes, 129 
in streams, determination of, 5 


Head on turbine, 384, 396 

variation with in power, speed 
and discharge, 344 
velocity, 126,136 
works, 304 

Hess flume entry way, 95 
Hoists, headgate, 316, 317 
Hollow dams, types of, 244 (Bee 
“Dams"). 

Hook gauge, 45 
Hume lake dam, 232 
Hydraulic gradient, 132 

and grade of pipe lines, 136 
radius, 17 
Hydrograph, 66 

of Colorado river, 67 
of Juniata river, 68 
as a power curve, 69 

I 

Ice pressure against dams, 184, 188, 
243 

reduction in flow due to, 86 
Impulse wheel, 327, 408 (see “Water 
wheels”). 

Inertia, moments of, of pipes, 147 
of flywheels and generators, 
421, 423 
Intakes, pipe, 64 

coefficients of pipe, 61 
Interest charges during construc¬ 
tion, 8 

Inward flow turbine, 327 
J 

Jet, force of against surface of revolu¬ 
tion, 332 

against vane, 330, 333 
path of, 63 

Johnson valve, 323, 324 
Johnson’s formula for flow in 
streams, 21 
diagram, 21 

Joints, expansion, 150, 242, 271 
lock bar, 144 
rivetted, 145 
welded, 145 
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K 

Kutter’s formula, 19 
example of use of, 20 
relative accuracy of, 20 
values of “n" for, 20 

L 

La-Grange-Tuolumne dam, 227 
Laws governing streams, 9 
of flow in pipes, 116 
Lime, hydrated for water proofing, 
102, 262 

Lining of canals, 86, 88 
protection of, 89 
Load factor, 69, 71 
curve, 70 

Lock bar pipe, 145 
Logarithms, notes on the use of, 474 
table of, 476 
Log booms, 304 
chutes, 9 

Loss in energy conversion, 2 

of head in pipes; table of, 121 
(see “Pipes"). 

Losses due to, 86, 88 (s(x) page in 
Canals). 

M 

McCall's ferry dam, 226 
McGinnis flume, 94 
Market for power, 8 
Masonry, conditions for tension in, 
186, 194 (see “Dams"). 
dams, 205 
Mass curves, 69, 74 
Mathematical tables, 473 
logarithms, 476 
natural sines and cosines, 478 
tangents and cotangents, 480 
squares, cubes, square'roots and 
cube roots, 482 

three halves powers of numbers, 

487 

Mats for dam foundations, 196, 237, 
239, 240 

Measurement of stream flow, 29 


Metal flumes, 94 

Meters, current, 31 (see “Current 
Meters"). 

Minimum size of pipe, 125 
Mixed flow turbine, 327 
Modulus, section, of pipes, 147 
Moment, bending, 255 

of inertia of flywheels and 
rotors, 421, 423 
of pipes, 147 

overturning, 179, 180, 182 
Movable crests for dams, 282 

N 

Nappe, 52 
path of, 52 
Needle nozzle, 417 
Nozzle, deflecting, 418 
efflux from, 65 
needle, 417 

O 

Orifices, 60 

coefficients of efflux through, 61 
efflux through circular, 62 
through rectangular, 60 
submerged, C2 
Outward flow turbine, 327 
Overturning of dams, resistance to, 
208, 243 

moment on dams, 179, 180, 182 
on retaining walls, 244 

P 

Painting steel pipes, 152 
wood stave pipes, 161 
Parabola, area of, 216 

centre of gravity of, 174 
equations of, 401, 402 
length of, 398 

Parabolic curve for draft tube, 394, 
401 

for spillway of dam, 211,212 
Parallel flow turbine, 327 
Partial spillway, 249 
Path of jet, 63 
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Path of nappe over weirs, 52 

Pelton wheel, 327, 408 (see ''Water 
wheels”). 

Penstocks, abnormal pressures in, 
426 

supports for, 145 (see ‘‘Pipes"). 

Perimeter, wetted, 18 

Piling, sheet, 238 
under dams, 240 

Pipes, abnormal pressures in, 418, 
435 

acceleration of water in, 426, 
454 

force required for, 427 
anchoring, 149, 167 
areas of, table, 123 
branches, 153 
bursting of, 138 
collapse of, 143 
costs of steel, 153 
determination of size of, 122 
discharge through, table, 121 
drains for, 153 

efficiency of for conveying 
power, 122 
entry head, 126 
example of computation of loss 
in, 120 

expansion joints for, 150 
flow through system of varying 
cross-section, 129 
example, 130 
formulse for flow in, 117 
intakes of, 64 
of coefficients for, 61 
laws of flow through, 116 
length of, between supports, 146 
lines, 113, 117 
lock bar, 144 
loss of head in, 117, 158 
due to bends, 129 
in table of, 121 

losses of head due to change in 
cross-section, 127 
materials of, 113 
minimum size of, 125 
moments of inertia of, 147 
painting, 152,161 
reinforoed concrete, 153 
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Pipes, relation of size to maximum 
load, 137 

section modulus of, 147 
shipping and erection, 152 
stresses in, 137, 418 
supports for, 145,167 
velocity head in, 126 
of wave propagation in, 436 
vents for, 143, 451 
welded joints in, 147 
wood stave, 160 
bands for, 163 

connections with metal pipes, 
165 

construction of, 168 
costs of, 170 
coupling shoes, 164 
intakes and outlets for, 165 
location of, 167 
maintenance of, 169 
painting, 161 
staves, 160 
Pitot tube, 37 

damping drums in, 39 
limits of operation, 38 
nozzles for, 38 

pressure tubes for, Whites, 39 
Power auxiliary, 7 
constants, 3 
contracts, 6 
in falling water, 2 
in water wheel, 337 
conditions for zero, 340 
variation with diameter, 344 
with head, 344 (see ‘‘Water- 
wheels"). 
market for, 8 
primary, 6 
secondary, 7 
stored in reservoir, 73 
variation in, 66, 69 
and storage, 66, 79 
Pressure, abnormal in penstocks, 426 
at toe of dam from overfall, 266 

I 

Back booms, 311 
Racks, trash, 307 
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Radius, hydraulic, 17 
Riinfall, 14 ' 

relation to run-off,’ 14 
Rating curve, 10 

Reaction turbine, 827 (sec "Water- 
wheels”). 

Records of stream flow, U. S. Gov’t., 
4, 10 

Reduced head due to floods, 80 
Reduction in flow due to ice, 86 
Register gates, 329 
Regulation of water wheels, 421 (see 
“Water wheels," speed reg¬ 
ulation of). 

Reinforced concrete, adhesion, 200 
dams, 243 (see “ Dams"). 

advantages of, 243 
expansion of, 104 
flumes, 102 (see “Flumes"). - 
formula: for reinforcement, 254 
for slab depth, 256, 257 
pipes, 102 (see "Pipes”). 
reinforcing steel, 262 
. relative areas of steel and con¬ 
crete, 111 

retaining walls, 243, 273. 
example of, 275 
with buttresses, 278 
shear, 260 
steel ratio, 257 
stresses in under flexure, 259 
' tension, 260 
Reinforcing steel, 262 
Relief valves, 139, 439 

size for various pressure changes, 
442 

Reservoir, power stored in, 73 
Resistance to overturning of dams, 
208 

to sliding of dams, 206 
Resultant of forces, acting on dams, 
185, 190, 199, 270 
analytical determination of 
location of, 190, 199 
magnitude of, 190 
Retaining walls, 241 
'"*'of concrete, 243, 273 
drains in, 245 
expansion joints in, 242 


Retaining walls foundations for, 241 
overturning moment on, 244 
Rippl curve, 69, 74 
Rivetted joints, 145 
Rotors, moment of inertia of, 423 
weight of, 424 

Run-off, relation to rainfall, 14 
S 

Safe loads on foundations, 195 

stresses in reinforcing steel, 256 
Salmon creek dam, 230 
Saluda river, contours on, 82 
Sand foundations for dams, 237 
Secondary power, 7 
Section modulus of pipes, 147 
Seepage in canals, 86, 88 
Sines, natural, table of, 478 
Siphon, 136, 329 
Size of pipe, computation of, 122 
Sliding of dams, resistance to, 206, 
243 

Slope, 18 
Sluice gates, 319 

coefficients of efflux through, 62, 
319 

cylinder operated, 322 
indicator for, 324 
submerged, 62 

Speed, characteristic, 345 (see “Water 
wheels"). 

regulation of water wheels, 421 
Spiers Falls dam, 226 
Spillway, length of, 5 
partial, 249 

Springs, effect of on stream flow, 4 
Square roots of numbers, table of, 
482 

Squares of numbers, table of, 482 
Staunchings for movable gates, 291, 
294 

Staves for wood stave pipe, 160 
• Steel ratio, 257 
flumes, 94 
reinforcing, 262 
safe stresses in, 256 
Stickney gate, 295 
Still box, 47 
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Stoney roller gate, 292 
Stop logs, 304 
Storage, 6, 69, 72 

available for power, 6 
drop in*level in, 6 
power stored in, 73 
rate of draft on, 80 
^reservoirs, computation of, 73 
survev of, 83 
Stream flmv, 10 

average for streams in Oa. and 

S. C., 12 

chemical methods of measure¬ 
ment of, 40 « 

Chezy’s formula for,>18 
determination of, 4, 6,15, 23, 29 
effect of springs on, 4 
factors tending to equalize, 4 
Hazen & William’s formula for, 
19 

increase by storage, 4 
Johnson’s formula for, 21 
maximum, 12, 15 
measurement of, 29, 31, 32, 40 
minimum, 4, 5, 12, 15 
proportional to drainage area, 
11, 12, 66, 69 

U. S. Gov’t records of, 4, 10, 14 
Submerged orifices, 62 
weirs, 54 

Supports for flumes, 100, 104 
for penstocks, 145, 167 
Surge tanks, 142, 442 
computation of, 445 
design of, 447 
differential, 449 

T 

Tables, mathematical, 473 (see 
“Mathematical tables”). 
Tangents, natural, table of, 480 
Tanks, surge, 142 
Tensile strength of concrete, 260 
Three halves powers of numbers, 
table of, 487 

Time period of Governors, 432 
Toe of dam, 212 

pressure against, from overfall, 
266 
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Trapezoid, centre of gravity of, 171 

m ' 

Trapezoidal weir, 59 
Trash racks, 397 

loss of head through, 310 
Triangle, centre of gravity of, 171 
Triangular weir, 59 
Trenton Falls dam, 227 
Trestle work, flume, 100 
Tube, Pitot, 37 (soft “Pitot tube”). 
Tunnels, 111 
data on, 112 

Turbines (see “Water wheels”). 
Tuttons formula for flow in pipes, 
116 

U 

Uplift pressure, under dams, 183, 
189, 196, 238, 243 

IT. S. Gov’t records of evaporation, 
81 

of stream flow, 4, 10, 14 
V 

Vacpum produced by overfall, 184 
Valves, bypass, 419 

critical time of closing, 438 
Johnson, 323 
relief, 139, 439 

Vane, force of jet against, 330 
shape of, 338, 340 
Vanes, spacing of, for turbines, 341 
for impulse wheels, 412 
Variation in velocity of cross-section 
of stream, 31 

Velocities, composition of, 335 
Velocity, of approach (see “Weirs," 
“orifices," “pipes”). 
conversion of, to equivalent 
head, 17 

of flow in canals, 85 
head, 126, 136, 137 
measurement of, by floats, 31 
by current meters, 31 
by Pitot tubes, 37 
variation in cross-section of 
stream, 31 

of wave propagation in pipes, 
436 
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Vena conlracta, 64 

Vent pipes, 143, 452 

Voids in concrete materials, 261 

W 

Water column, acceleration of, 426, 
454 

hammer, 430, 435 
power, factors in consideration 
of, 2 

market for, 3, 8 
proofing, 102, 261 
shed, boundary of, 12 
computation of, 12 
Water-ways, artificial, 84 
Water, weight of, at various tem¬ 
peratures, 2 
wheels, 327 
Governors for, 460 
impulse, 408 
buckets of, 408, 411 
bypass valve for, 419 
casing of, 416 
deflecting nozzle for, 418 
diameter of wheel, 413 
jet, area of, 413 
needle nozzle for, 417 
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HYDRO-ELECTRIC POWER 

CHAPTER I 
GENERAL CONDITIONS 

When any substance having weight passes from one elevation 
to a lower elevation, energy is released and under certain con¬ 
ditions this energy may be converted into mechanical power 
and made useful for industrial purposes. Obviously, the energy 
is proportional to the weight of the body or substance, and it 
is also proportional to the vertical distance through which it 
travels in passing from the higher to the lower elevation. 

Algebraically, the energy released by any downward moving 
body is 

Energy = Weight X Height. 

If the weight be given in pounds, and the height in feet, the 
energy is in units of foot-pounds. 

If a body pass from one elevation to a lower one, the energy 
is given out only during the time of movement of the body, 
and it ceases as soon as the body reaches the lower level toward 
which it travels. Hence, for a continuous delivery of energy 
there must be a continuous supply of bodies or substance having 
weight. 

A stream of falling water fulfils all the conditions necessary to 
pr88RM«» continuous supply of power, having weight, fall and 
continuity. 

The power—which is the rate at which energy is delivered— 
depends on the quantity of water flowing continuously and the 
height through which it falls. 

It must be noted that the height of fall is the difference in 
elevation between the surface of the water at its upper position 
and the surface at its lower position, measured vertically. No 
matter what path the water follows in passing from the upper 
to the lower level, and no matter how long this path may be, 

1 



2 HYDRAULIC DEVELOPMENT AND EQUIPMENT 

the vertical height of the upper surface above the lower level 
is the useful fall and is called the “head.” 

The gross horsepower delivered by falling water is 

^ = 0.1135 Q H (1) 

55U o.o 

Q = cubic feet per second of water used through the 
water wheel 

H «• is the head or vertical distance, in feet, through 
which the water falls in passing through the 
water wheel 

62.5 = weight of water per cubic foot 
550 = foot-pounds per second to give 1 hp. 

Since the energy is the product of quantity of water, times 
height of fall, it is obvious that 1 cu. ft. of water per second 
falling through 8.8 ft. will produce 1 gross hp. 

In the preceding formula and the others which follow, the 
weight of water is taken at 62.5 lb. per cubic foot. This is the 
usual practical figure used, but it is greater than the actual value, 
which for the standard temperature of 60°F. is 62.366. The 
difference between the usually assumed and actual values is, 
therefore, 0.134 in 62.5 or about 0.2 per cent. 

At higher temperatures, the weight diminishes appreciably, 
as shown by the following table. 

Table 1 . —Weight peii Cubic Foot op Wateh at Various Temperatures 


1>*. V . 

Weight, lb. 

Deg. F. 

Weight, lb. 

32.0 

62.416 

80.0 

62.217 

36.3 

62.424 

100.0 

62.061 

50.0 

62.408 

no.o 

61.633 

60.0 

70.0 

j 62.366 

62.300 

120.0 

6K718 .... 


From this it may be seen that in making efficiency tests in tropical 
countries, with the temperature of the water at 100°F., the error 
in the assumption of 62.5 lb. per cubic foot, would amount to 

( T2.06r") 100=3 °- 7percent - 

There is a loss in the conversion of the energy of the falling 
water into mechanical energy at the water-wheel shaft. This 
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loss averages 20 per cent., though, 
varies with many conditions. 


as will be shown later, the loss 


The general practice is to take the average loss as 20 per 
cent, so that t^e formula for delivered horsepower at the water¬ 
wheel shaft is - gg- = hp. 


In the same manner the constants in Table 2 are derived. 
They are based on the following efficiencies: 

Water wheel at full load, 80 per cent. 

Dynamo, at full load, 94 per cent. 


Transmission line, at full load, 90 per cent. 


Table 2.—Power Constants 


Horsepower, gross 

QH 

8.8 

U) 

Horsepower at water-wheel shaft 

QH 
~ It 

(2) 

Horsepower at dynamo 

QH 
” 11.7 

(3) 

Horsepower, delivered at end of transmission line 

QH 
“ 13 

(4) 

Kilowatts, gross 

QH 
" 11.8 

(5) 

Kilowatts at water-wheel shaft 

QH 
“ 14.74 

(6) 

Kilowatts at dynamo 

- 

15.68 

(7) 

Kilowatts, delivered at end of transmission line 

- OH 

17.4 

(8) 


The important factors in the consideration of a water-power 
development are: 

Absolute minimum. 

1. Stream flow Absolute maximum. 

Average minimum. 

lUiiliible head. 


3. Character of geological formation at site of dam. 


4. Market 


Load factor. 

Diversity factor. 

Value of power. 

Distance of transmission. 


5. Total cost of development. 


6. Cost of operation and maintenance. 


7. Income and profit. • 

From these can be computed all the other quantities necessary 
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to reach a proper engineering and financial conclusion as to the 
advisability of developing a power site. 

The most important factor in the development of a water 
power is to determine, in advance, the actual amount of power 
that may be obtained continuously, over a long period of years. 
Failure to give this subject the attention and careful investiga¬ 
tion which its importance deserves has resulted in financial 
disaster in many instances. 

In the United States, the Government has long maintained 
gauges at different points on most of the large rivers, and their 
records are available and may be used in computing the available 
power without making any additional observations on the 
stream itself. In many countries, however, the engineer is 
dependent on his own observations, and as these can not be 
carried over a long number of years, he must resort to the methods 
of computation from the rainfall, the drainage of the stream, 
the local conditions as to the character of the country, its vege¬ 
table growths, and whether its geological formation is such that 
underground storage reservoirs exist which supply springs that 
continue to feed the streams during dry weather. With these 
data, reinforced by experience, an approximate determination 
of the minimum stream flow may be arrived at. 

The character and extent of the underbrush, shrubbery and 
trees; the proportion of wooded area to that denuded of trees: 
the proportion under cultivation; all have an influence on the 
variation in the flow. Trees and shrubs tend to hold the rain 
water and make it move slowly toward the stream—so slowly 
that much of it is absorbed into the earth and then reaches the 
river or its tributary creeks only by percolation which greatly 
retards its movement. These effects combine to equalize the 
amount of water which is given to the stream by each rainfall. 
Rains come intermittently and are of varying vol milU.^l he 
flow of streams would be equally intermittent and variable as 
to volume if it were not for these retarding influences. Where 
springs are numerous, they tend to keep the stream flow up in 
dry weather and these are valuable when they discharge enough 
water to be of real assistance. 

The minimum flow sometimes may be increased by means of 
storage. When a dam is built across a stream and a lake of 
considerable area is formed, the water thus accumulated may be 
partially drawn off during the dry season, the total water passed 
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through the water wheels being that furnished by the stream 
plus that taken from the lake. Generally, the power is not 
used throughout the full 24 hr. per day, and if the storage area 
is sufficiently great, the water which flows during the night is 
accumulated in the lake, and on the following day the water 
available for power is that supplied by the stream flow plus 
that impounded during the previous night. In this way, the 
power furnished by a given stream may be greatly increased 
during a part of the day, as is more definitely pointed out in the 
paragraph on “Load Factor” in Chapter IV. 

For the purpose of forming extensive storage lakes, dams of 
great height and length are often constructed, instead of 
small dams, further up the stream, with canals or flumes leading 
to the foot of the falls, which would cost much less and would 
serve just as well, if the question of storage were not involved. 

The quantity of stream flow and its variation are arrived at 
in one of the following ways: 

(a) From observations of the stream extending over a number 
of years. 

(1 b ) From records of rainfall and drainage area of the stream 
down to location of power house. 

(c) From observations made at the time of known low 
water. 

Where possible, all of these means should be used to check 
the final result. 

From (a) and (b) the maximum as well as the minimum flows 
are obtained, and either (a) or ( b ) is, therefore, preferable to (c) 
alone. Neither (6) nor (c) alone should ever be accepted as final, 
but the two always used to check each other. 

The maximum flow must be known, so that the dam may be 
designed to withstand it, and the spillway—that is, the crest of 
the dse? .Qjer which the water flows—made long enough to allow 
the maximum volume of water to pass over it without an ex¬ 
cessive rise in the height of the water over the dam. 

Abnormal increase in the height of water above the spillway 
endangers the dam and may result in it being swept away. 

The fay is found by starting at the head of the falls with an 
engineer’s level, the lower end of the level rod being against 
the surface of the water for the first observation. The second 
observation is made with thg level rod on the bank and succeed¬ 
ing observations are made with the level rod on the ground, working 
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down to the foot of the shoals. When this point is reaohed tb 
last observation is taken, and thus the difference in level betwee 
the head and foot of the shoals is determined. 

Generally, the rod should be moved over to the water a 
intervals so that the drop at various points may be taken a 
well as the total difference in head. 

Having determined the power obtainable at the turbin 
shaft at times of lowest water, if this is ample for all possible 
needs, the development may be made in the most inexpensivi 
manner practicable, for the particular conditions. If, how 
ever, the power is insufficient when the water is low, it become 
necessary to make the development so that ample storage will b< 
provided. 

After fixing the position of the dam and its height, a survej 
must then be made to locate the contour of the lake which will 
be formed by the impounded water. From this survey will be 
found the lands which will be overflowed, the area of the lake, 
and hence, the volume of the stored water useful for power 
purposes. 

In computing the volume of storage water available for power, 
it must be remembered that the level of the reservoir can be 
lowered only a comparatively small amount. If the storage 
lake be drawn off too much, and its level sinks too far, the head 
acting on the water wheels will be diminished by an amount 
that will impair the operation of the plant. The drop in level 
of the reservoir should never exceed 25 per cent, of the effective 
head. In cases of extreme necessity this drop may be exceeded, 
but all calculations as to the amount of power obtainable from 
a given stream with storage, should be based on a drop in head 
not exceeding 25 per cent. 

The amount of storage is more often regulated by financial 
considerations than engineering possibilities, as will f][ nirt fnrth 
later. 

Power companies usually have two different forms of power 
contracts. One provides that the company shall supply the 
customer with continuous power throughout the year regardless 
of the fluctuations in stream flow. This continuous, year-round 
supply is called primary power. 

The other form of contract is with users who agree to take 
certain amounts of power as long ag the company has sufficient 
water to furnish the required power, and the supply may be 
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cut off when the water in the stream falls below a certain value. 
This class of service is called secondary power. 

Secondary power is usually guaranteed for 9 months in each 
year, and furnished longer if the flow of water in the stream 
keeps up to the value necessary to supply it. it is always sold 
at a lower price than primary power and is purchased by manu¬ 
factories which have steam plants that were installed prior to 
the development of the water power. During periods of low 
water, when the power supply is discontinued, the factory steam 
plant is put into service and the load carried by it until the 
power service is resumed. 

Where developments are made on streams with a minimum 
flow that is considerably less than the average and lasts a com¬ 
paratively short time—20 to 40 days—in each year, it is fre¬ 
quently desirable to install a steam- or gas-engine plant to assist 
the hydraulic generating equipment. The capacity of this 
auxiliary plant is equal to the difference between the maximum 
capacity of the hydraulic generating equipment and the actual 
power available from the stream flow during the periods of low 
water. With this arrangement, the total plant can supply a 
load continuously throughout the year which is equal to that 
which the hydraulic power yields at ordinary stages of flow, the 
auxiliary equipment being operated during the periods of low 
water only. Although the production of power by the engine 
plant may cost more than the price received for it during the time 
of engine operation, it must be remembered that the amount of 
power thus produced brings an income for the whole year, while 
its cost continues only from 20 to 40 days. 

These “general conditions” are the usual, well-known elements 
of water-power developments, and will be fully discussed' under 
their several respective captions. 

The finance of water-power developments is not one of the 
subjects covered in this treatise, and no values can be laid 
down for it. A whole special work on the financial aspects of 
water-power development would be required to do adequate 
justice to the subject. 

In general, the fundamental points are to see that the minimum 
income will be ample to pay: interest on the securities, deprecia- 
. tion, maintenance, general operating costs, insurance, taxes, 
accidents and damages, and leave a reasonable margin, in addi¬ 
tion, for unforeseen contingencies. 
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These factors are in many cases, not subject to computation, 
and the financial predictions concerning a proposed develop¬ 
ment must be based on wide experience together with a special 
study of the success or failure of the principal plants in opera¬ 
tion and the factors which contributed to their prosperity or 
to their bankruptcy. A few points that must be given con¬ 
sideration and which are important are: 

1. Make sure, in advance, of the market for power, not only of 
the immediate probable demand, but what the future market 
may be; this requires a consideration of all possible sources of 
power supply for a given district. Note particularly whether 
any other water-power site is available for development within a 
reasonable distance from the district which the projected plant 
will supply. If so, it should be brought under the control of the 
owner of the development under consideration, or competition 
may be expected at some future time. Nearness of undeveloped 
coal fields and other power sites that may become actual power 
producers and competitors, must be included in the study of 
the situation. 

2. Be sure of the total cost of development. The particular 
items which inexperienced engineers usually fail to estimate 
correctly, in advance, are: 

(а) Foundation work, under water. 

(б) Cofferdams, and water control. 

(c) Flood damages. 

(d) Delays, due to floods and washed-out cofferdams. 

(e) General accident and damage account. 

(/) Extras paid to contractor because of the first five items 
just given. 

( g ) Machinery erection costs. 

(h) Details of construction and equipment. These mount 
up very fast and are frequently overlooked as unimportant, 

(t) Engineering costs. The fee paid the consulting engineer 
does not cover the cost to the company of much necessary ex¬ 
pense; 7 to 7% per cent, is a reasonable allowance. 

(k) Damages to apparatus during erection and testing, 
and losses occasioned by them. 

(0 Delays of all kinds. These mean increase in cost be¬ 
cause of the fixed charges which continue until the plant is 
oompleted. 

(m) Interest charge. This is usually figured on the basis 
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f 5 P® «“*• Per “num. As a matter of fact the actual cash 
for a water-power development costs about 7 per cent. 

3. Always be ready to pay, even unreasonable prices, for 
guaranteed, quick completion. The extra charges for speedy 
work are, usually, small compared with loss of income, interest 
charges, possible flood losses and other costs that arise from 
slow processes of construction. 

4. Always investigate, fully, the laws relating to streams of 
the State in which the development is to be made, taking due 
note of special irrigation, placer mining or other statutes which 
have a bearing on the proposed use and storage of water. 

5. Note whether existing irrigation or mining projects have 
preempted any portion of the stream flow. 

6. Note whether the stream is used for floating lumber, 
and if so, be prepared to include the cost of log chutes in the 
development. 
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CHAPTER II 

FLOW IN STREAMS 


The determination of the quantity of stream flow, and the 
drop in level of the water surface along the length of the stream, 
are the important observations to be made to fix the available 
power. The quantity of water delivered by a stream may be 
computed or measured. The methods of computation are 
given, in this chapter, in their proper places. The formula 
all depend on the determination of the drop in level of the 
water surface per unit length of stream, the form and area of 
the stream cross-section, and the character of the stream 
bed with respect to roughness. For the flow in a stream 
and its variation, it is usual to rely on the records of 
stream flow as published in the Bulletins of the United 
States Geological Survey. These arc available gratis and 
may be obtained on request to the Director of the United 
States Geological Survey at Washington. They are numerous 
and, in making requests for them, it is necessary to state either 
the Bulletin number or the name of the stream on which in¬ 
formation is desired, in order to obtain the proper pamphlets. 

The records are based on daily gauge readings of every im¬ 
portant stream in the United States and, in most cases, they 
cover a number of years, so that these records are indicative 
of the maximum and minimum flows that ever may be expected. 

Usually, the records are simply daily gauge heights, or the 
elevation of the surface of the water each day. A feiT values of 
stream flow, in cubic feet per second, for different gauge heights 
are also given. In order to find the flow for any gauge height it 
is necessary to plot a rating curve. 

This is done by laying out, on cross-section paper, the given 
gauge heights as ordinates, and the corresponding flow for each 
as abscissic, and drawing a curve through these points. It 
is to be noted that the zero of the gauge never corresponds to 
zero water, or in other words, a dry stream. Usually, a value 
of flow is given for the zero gauge reading. 

10 
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As an example, take the following data on the flow of the 
Colorado River at Austin, Tex., made in 1908. 

A survey of the cross-section of the stream and observa¬ 
tions of its velocity, at different times and with varying conditions 
of water level, give the following results: 

Table 3.—Discharge or Colorado River, at Austin, Texas 


Geuge height Discharge, tee. ft. j Gauge height j Discharge, *ec, ft. 



Discharge In Cu.ru l*r See. 

Fig. 1.—Rating curve of Colorado River at Austin, Tex. 

% 

From these values the rating curve shown in Fig. 1 is plotted, 
and, from this curve, the flow corresponding to any intermediate 
gauge height may be taken. 

If no gaugings are available for the particular stream under 
consideration, the stream flow may be approximately predicted 
by comparing it with streams in the same section of country 
the flows of which latter streams have been recorded for a 
number of years. The flow* of the streams will be approximately, 
proportional to their respective drainage areas, provided that 
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none of the streams possess any unusual features, such as very 
precipitous watershed, or many large springs supplying a con¬ 
tinuous flow from underground storage reservoirs, and thus 
augmenting the water supply during periods of drouth. 

Also, if a power site is located at a point on a stream at a 
considerable distance from a gauging station on that stream, 
the flow at the power site may be taken as proportional to that 
at the gauging station in the ratio of their respective drainage 
areas. 

In some sections of eountry, the minimum and maximum 
stream flows are based on a certain flow per square mile of 
drainage area. Thus, the streams in South Carolina and 
Georgia average 0.40 cu. ft. per second, per square mile of 
drainage area for the minimum flow, and about 20 cu. ft. per 
second per square mile, for the maximum flow. In that section, 
the rainfall is about 50 in. per annum. 

In the Southwest, where the rainfall is small, such figures 
will not apply. For instance, the Colorado River at Austin, 
l'ex., has about 30,000 sq. miles of drainage area. Its minimum 
flow is 175 cu. ft. per second while its maximum flow is about 
1300 times this or 230,000 cu. ft. per second. These figures 
correspond to 0.00583 and 7.70 cu. ft. per second, per square 
mile of drainage area as the minimum and maximum respectively. 

The drainage area of a Btream is easily computed from any 
reliable map. The calculations are more accurate if contours 
are marked on the map as in the United States Government 
topographic maps. However, an ordinary geographical map is 
quite sufficient for all practical purposes if it be to a scale not 
smaller than 20 miles to the inch. 

Figure 2 is a portion of a map of Georgia on which are shown 
the rivers and their tributaries. If the power site is on the 
Oconee River nt Milledgeville, the drainage area is,found by 
marking out the boundary of this area and then integrating the 
figure in any convenient manner. The boundary is drawn to 
include all the tributaries that lie upstream above Milledge¬ 
ville and to exclude all streams that flow away from the Oconee 
to other rivers. The ridge of the watershed is, obviously, at 
or near the upstream end of any creek or river. Where the 
sources of two streams are shown near each c'.ner, but the streams 
flow in different directions and empty into different main trunk 
streams, the backbone of the watershed lies between the sources 
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Fia. 2.—Map of Wntorshod of Oconee River at Milledgeville, Ga. 
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of these two streams. By following the heavy irregular line 
in Fig. 2 marked “Watershed Boundary” and noting how it 
includes the area of all streams emptying into the Oconee and 
excludes all those which empty into some other river, and also, 
how it closes in at the power site, the method of locating the 
boundary is made clear. 

The area may be taken by a planimeter in the usual manner. 
It is the general practice, however, to draw cross-sectional lines 
over the face of the map, these lines being two series of equi¬ 
distant parallel lines at right angles to each other, forming a 
number of squares, exactly as if the map were drawn on cross- 
section paper. In fact, it is often convenient to trace the 
watershed boundary on thin, semi-transparent, cross-section 
paper. Each square on the map represents, to scale, a definite 
area. Therefore, by counting the squares and portions of 
squares and multiplying the number of squares by the area of 
each square, the area of the watershed is found. By this method, 
the area of the watershed shown in Fig. 2 is found to be 2923 
sq. miles. Obviously, the larger the scale of the map, the more 
accurate will be the computation. 

After finding the drainage area, the average rainfall over this 
area and its distribution with the seasons must be studied. 
It will be found that the rainfall corresponds approximately 
to that in some territory where the flow of a stream has been 
recorded for a number of years. Considering the similarity of 
rainfall, of drainage area and of topography, soil and vegetation, 
the minimum and maximum flows of the stream may be estab¬ 
lished with reasonable accuracy. In any case the most useful 
data are available in the Bulletins of the United States Geological 
Survey, and these should always be referred to in computing 
the flow of any stream. 

Most investigators who have written on the subject of stream 
flow give considerable importance to the questions of rainfall 
and run-off. Since the total stream flow is due to run-off and 
this in turn comes from the rainfall, it would seem logical that 
some relationship between these factors and stream flow would 
exist. While this is in a measure true, there are so many variable 
conditions which influence the amount of run-off for a given rain¬ 
fall that no definite flow of water in any stream can be deter¬ 
mined from the rainfall. Thus, a rainfall of 1 in. in 2 hr. will 
deliver a greater quantity of water to a stream than a slow 
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rain that gives an inch of water in 24 hr. Abo, the run-off 
from a rain following closely on a preceding rain will be greater 
than the run-off from an exactly similar rain which falls a month 
or more after a previous rain. A high annual or seasonal rain¬ 
fall, if concentrated within short periods, may result in a lower 
minimum rate of stream flow than that produced by less rainfall 
well distributed over the season. In the investigation of this 
subject the author has never been able to get satisfactory data 
on stream flow from any rainfall records and run-off computa¬ 
tions unless the run-off is reduced to the form of cubio feet per 
second, per square mile of . drainage area, for maximum and 
minimum flows, and the data are put in this form by reference 
to stream Aowb in the same district, which have been measured 
as has been herein mentioned. 

The only real practical facts, to be deduced from rainfall and 
run-off, are that long periods of drouth over the drainage area 
of a stream will result in low water, and if the time of the drouth 
be the longest known, the stream will have its lowest flow. 

• Also, if many heavy rains fall, closely succeeding each other, 
the stream flow will be correspondingly great. 

The maximum and minimum flows of a stream may be deter¬ 
mined by a survey if two conditions can be obtained. One is 
that the survey be made at a period when the lowest flow for 
many years is passing, and the other is that a heavy flood has 
occurred within a length of time prior to the survey such as 
to leave well-defined traces of the height of the water. 

People who live in the neighborhood of rivers and creeks 
have rather clear ideas as to low and high water in them and 
the general dictum of a community that a stream is lower than 
it has been for many years is usually a reliable datum. A meas¬ 
urement of flow during such a period may be safely accepted as 
showing 4he minimum rate of flow. The method of measuring 
stream flow is given elsewhere in this chapter. 

Also, extraordinarily high floods will leave definite marks of 
the flood level that may last for several years. These indications 
are familiar and well known. They are simply decolorations 
of tree trunks, rocks and marks on the stony banks of the stream 
where they are precipitous enough to have confined the flood 
waters. If a line of levels be run which shows the slope of the 
level of the water surface «s indicated by the marks left by the 
flood, and several cross-sections be taken, sufficient data will be 
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obtained to compute, within practical limits, the flow at the time 
of the flood. 

The cross-sections should be surveyed from the level of the 
flood marks on one side of the stream to the flood marks on the 
other side, so that they will represent the actual cross-section of 
the stream at the time of high water, in the same manner as 
described in the “Measurement of Streams.” The line of levels 
should extend at least half a mile along the stream. A full 
mile is a good, practical length. The cross-sections should be 
taken at intervals of one-fourth the length of the survey, one 
section being taken at the beginning and one at the end of 
the line of levels, making five cross-sectional measurements. 
Prom these data, the flood flow may be computed by Chezy’s 
formula, given elsewhere in this chapter. 

If possible, the line of levels should be begun at a point above 
which the stream bed has little or no slope or fall, and the levels 
run downstream from this point. In this way, the velocity of 
approach due to slope will be practically eliminated. Also, the 
survey should be made several miles away from dams or other 
obstructions in the stream which would produce flood levels, 
higher than those which would result from a given quantity of 
water moving in the unobstructed channel. To make a survey 
of the cross-section of the stream, it is usual to select a time of 
low water, and, by means of a surveyor's level, take the differences 
in level from the surface of the water out to either side of the 
stream to such a distance that the maximum high-water point is 
reached, care being taken to move outward from the stream at 
right angles to its direction of flow. Observations are made at 
intervals of from 2 to 20 ft., depending on the variation in the 
contour of the banks, and the distance from the water surface 
outward to the maximum high-water level. 

The cross-section of the stream itself is then d^ermined. 
The best way to do this is to stretch an iron cable }4 to in. 
in diameter, across the stream, this wire having been previously 
marked by metal or wooden tags spaced along it at equal in¬ 
tervals. The distance apart of the tags should be not more 
than 10 per cent, of the width of the stream. With a steel 
tape, weighted at one end by a heavy plumb bob, measure the 
depth of the water at each marking on the transversely stretched 
wire, using a small rowboat when necessary. 

In swift flowing streams the weight must be heavy and the 
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thin edge of the tape turned toward the direction of flow. 
Otherwise, the tape will be swept downstream, and the measure¬ 
ments will be inclined instead of vertical. The usual weight 
required for a velocity up to 2 ft. per second is 3 lb. while for a 
velocity of 10 ft. per second the weight should be not less than 
25 lb. 

. From these measurements the cross-section may be mapped 
and computed. This is done by assuming some scale on the 
paper, say in., as equal to 1 ft. of horizontal distance, and 
some other greater scale, say 1 in., as equal to 1 ft. of vertical 
measurement. 

The area of the cross-section of the water may be computed 
by any method of integrating irregular surfaces. A simple, 
approximate way is to add all the observed depths and divide 
the sum by the number of observations. This gives the average 
depth in feet. Multiply this average depth by the width of the 
stream in feet, and the product will equal the cross-section of 
the stream in square feet. 

In the formula; for computation of stream flow, later given, a 
conversion from feet head to velocity is necessary. 

The velocity acquired by any falling body is (theoretically) 

V = vV 0) 

in which 

F = the velocity in feet per second of the body when it has 
fallen a distance = h ft. 

g = acceleration due to gravity which is (practically) 32.2 ft. 
per second. 

Putting y/2g outside the radical, the formula becomes 

V = 8.02-\A ' (10) 

This law applies equally to falling water. 

Flowing water, having a certain velocity can be equated to still 
water having a pressure head 

h = “ = 0.01555F l (11) 

so that velocity and head are interchangeable in a definite ratio. 

In making computations based on the flow of water one of the 
principal factors is the “hydraulic radius." This quantity is 
designated by “r" and is flumerically equal to the area of cross- 
s 
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section of tiie stream divided by the length of the line bounding 
the cross-section where it is in contact with the stream bed, which 
length is called the “welled perimeter." 

Thus in Fig. 3 the area of the cross-section of the stream is 
equal to “A.” The wetted perimeter is the length of the irregular 
curve ABCDEFG. Calling this p, the hydraulic radius, is 


Another factor in computing rate of flow is the slope, which is 
the rate of fall of the stream bed, or expressed in another way, it iB 



Fig. 3.—Typical cross section of a stream. 


the drop in elevation of the stream bed per unit of length of the 
stream. 


(13) 


in which 


« - slope 

2 >= any length taken along the stream 
h = fall of the stream in the length f. 


In making measurements to determine the slope, l should be as 
great as convenient, and the longer it is the more accurate will be 
the result. 

Having determined r and s, the velocity of flow is determined 
by the formula of Chezy, or Hasen & Williams, or Johnson, or 
others. 

Chezy’t formula is 

V - CVrs ' (14) 


in whioh C is a constant which is computed from the empirical 
formula of Basin or Kutter. 




10 


■ FLOW IN STREAMS 


Batin’»formula for determining the value of C is 


C 


87 

0.552 + ”* 
Vr 


The values of m are taken frotn the following table: 


(15) 


Table 4.—Values or m fob Bazin's Formula 


For smooth cement or planed boards . m - 0.06 

For unplaned planks or bricks.m — 0.18 

For masonry.m - 0.48 

For smooth earth or clay .. ... m «■ 0.85 

For open streams, ordinary beds. m - 1,30 

For open streams with vegetable growths.m - 1.78 


As an example of the use of this formula, take a stream having 
the following characteristics: 


A = area cross-section = 120 sq. ft. 
p = wetted perimeter = 48 ft. 


Drop in level of stream bed in 6000ft. length along stream 
Then 

A 120 
r ~ p ~ 48 
1.581 
h _ 0 

l ~ 6000 
0.03873 
87 

0.552 + 1-30 


■9 ft. 


Vr = 


Vs = 

c = 


= 2.5 


= 0.0015 


= 63.3 


V2.5 

Vrs = 1.581 X 0.03873 = 0.0612 

V = C\Ars = 63.3 X 0.0612 = 3.874 ft. per second 
Q*= AV = 3.874 X 120 = 404.8 cu. ft. per second. 


Rutter’s formula for the determination of C is 


C = 


1811 + 41.65 + 0 00281 
r 8 






0.0028lj 


+ 1 


(16) 


In order to make use of this formula the following table of 
values of n must be used. 









20 *HYDRAULIC DEVELOPMENT AND EQUIPMENT 


Table 5.—Values of n foe Kutteh's Formula 


For planed planks. n ” 0.009 

For neat cement. n ”0.010 

For unplaned planks.n - 0.012 

For smooth masonry and brickwork. n = 0.013 

For rubble masonry. .n - 0.017 

For canals in firm gravel. . n “ 0.020 

For canals and rivers free from stone and weeds.. n = 0.025 

For canals and rivers with rough stony beds and 
weeds.n ” 0.030 


For canals and rivers with extremely bad beds_n ” 0.035 

Considering the same conditions as before given'fcnd taking n 
as 0.025, the value of C by Kuttor’s formula is 


1.811 

0.025 

0.025 

V2.o 


+ 41.65 + 


0.00281 

0.0015 


tL 4 !-® 5 + 


0.00281] 
0.0015 I 


+ 1 


72.44 + 41.65 + 1.8 


0.01581(41.65 + 1.866) + 1 


= 68.7 


V = 68.7\/r« = 68.7 X 0.0612 = 4.20 ft. per second 
Q = 4.2 X 120 = 504 cu. ft. per second. 


This result compares fairly well with the flow of 464.8 cu. ft. 
per second as found by the Bazin formula. 

In general, the use of Bazin’s formula gives more accurate 
results for steep slopes and high velocities while Kutter’s formula 
is the more accurate for small slopes and low velocities. Rutter’s 
formula is most accurate in the limits of r not exceeding 10, 
V not exceeding 5 ft. per second, and s between 1 and 10 
in 10,000. 

The Ilazen it Williams formula is 


V = Cr» * 3 s“ » X 0.001- 0 04 

= 1.320r° e 'V M (17) 

in which, C varies according to the following table: 


Table 6.—Values of C fob Williams & Hazes Formula 


• Open Channels 

For smooth plank.(’ - 110 to 140 

For unpinned plank C = 100 to 120 

For good masonry. C = 80 to 120 

For rough masonry.C - 65 to 70 

For gravel. ... C = 50 to 80 

For rough earth.. . C - 65 to 75 

For earth with vegetable growths. C ” 36 to 79 
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Considering again the stream having the same hydraulic 
radius of 2.5, slope of 0.0015, area of cross-section of 120 sq. ft. 
and taking C as 70 for rough earth and using the Williams & 
Hasen formula: , 

V = 1.32X 70 X (2.5)o 45 X (0.0015)° “ 
log 2.5 = 0.3979 
log 0.0015 - 5.1761 

0.3979 X 0.63 = 0.250677 
3.1761 X 0.54 = 2.475090 

sum of logs = 2.725767 

Number corresponding to the log 2.725707 is 0.05318. Hence 
r°‘V“ - 0.05318 

V - 1.32 X 70 X 0.05317 = 4.913 ft. per second 

Q = 4.913 X 120 = 549.5 eu. ft. per second. 

Of the three formul® this last one gives the highest value for 
the flow. The differences probably arise from the selection of 
value of the constants. 

' Kutter’s formula, while originally based on erroneous as¬ 
sumptions, has been made reasonably accurate by judicious 
assignment of values of n and is still regarded as the most accurate 
formula for flow in open channels. Bazin’s is sufficiently accurate 
for all practical purposes and is the easiest to solve by means of 
the slide rule. 

Professor Clarence T. Johnston of the University of Michigan, 
has conducted a series of experiments on a large number of ditches 
’and canals of various conditions of slope and of materials. 
As f result of these investigations he has deduced a formula of 
the same exponential character as the Williams & Hazen formula. 
Johnston's formula is: V = fr"**. 

’ By assigning various values to the exponent p, and taking the 
different v&lues he has found for the coefficient C, he has pro¬ 
duced a series of curves from which the velocity of flow may be 
.taken directly. By plotting these curves on logarithmic cross- 
section paper, they become straight lines. This diagram is 
given in Fig. 4 herewith. 

The table shown in Fig. 4 gives the values of C and p for dif¬ 
ferent characters of stream beds. In order to find the velocity 
of flow for a given stream from the diagram, first, take the values 
of C and p from the table corresponding to the character of the 
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stream bed; then compute the hydraulic radius. Banning on 
the scale of the lower left-hand portion, marked “Hydraulic 
Radius in Feet," at a point corresponding to the computed 
hydraulic radius of the stream, follow horizontally to the left 
until the diagonal line having the proper value of p is reached; 
then from this point of intersection pass vertically upward until 
the diagonal line having the proper value of C is reached. From 
this point of intersection, move horizontally to the right until the 
diagonal line corresponding to the slope is reached. From this 
intersection follow vertically down to the lower scale marked 
"Velocity in Feet per Second" where the desired answer will be 
found. Two examples are indicated on the diagram; one is 
for a stream having a hydraulic radius of 0.72; value of p = 83; 
value of C = 59.8, and slope 2.4 ft. per thousand, the resultant 



Fia. 5.—Profile of stream bed and corresponding water surface. 

velocity being 2 ft. per second. The other example is for a 
stream having a hydraulic radius of 7.2; value of p = 80, value 
of C — 59.8 and slope = 0.16 per thousand feet, the resultant 
velocity being 3.2 ft. per second. 

There is a middle scale giving the slope in feet per 5000 ft. 
which distance, being, approximately, a mile, ma’y be used 
without serious error where the slope per mile is known. 

The computation of the flow of rivers, presents some com¬ 
plications owing to the fact that the cross-section is variable and 
henoe r, A, and V change correspondingly. However, the quan¬ 
tity of water, Q, remaining constant, AV is constant. 

Consider that the slope of the water surface is found by 
measurement. Divide a selected length l, of the stream into a 
number of parts, say 5, in a distance of 2000 ft., although if the 
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stream changes its cross-section very greatly, a greater number 
will increase the accuracy of the computation. 

Measure the cross-section of the stream at each division point, 
and from this compute A and r. 

Let the length of the sections be h, It, L,!«, etc., and the drop - 
in head from the upper to the lower end of each section be 
hi, At, hi, hi, etc. 

These quantities are shown in Kg. 5. 

From the formula V — Cy/rs, compute the velocity for each 
section and multiply this by the mean area of the section which 
is equal to one-half the sum of the cross-sectional areas at the 
two ends of the section. Thus the mean urea of division No. 1 

• At + Ai 
2 

These several values of the product of velocities by areas 
should be nearly the same. The average of these products is 
the rate of stream flow, in cubic feet per second. 

As an example take a stream in which the survey gives the 
following data. 

Cross-section al Areas 
Ao = 212.5 sq. ft.. 

A, - 322.0 sq. ft. Avera * e - 267 26 *>■»*• 

A, - 407.0sq.ft. AVerage " 364 - 5 ' q ft - 

A, - 282.0 sq. ft. AVWag0 “ 344 5 

- 227.6s q .ftJ AVer “ e - 254 8 


Perimeters of Stream Bed at Different Cross-sections 


Pi 

- 

66 ft. 

Pi 

- 

194 ft. 

p« 

- 

208 ft. 

Pi 

- 

100 ft. 

P* 

- 

90 ft. 


} Average - 130 ft. 
| Average - 201 ft. 
} Average - 184 ft. 
(Average - 08ft. 


' Drops in Water Surface between Sections 


From h> to h, 

m 

0.30 ft. 

From A, to A, 

MB 

0.18 ft. 

From ht to h, 

- 

0.23 ft. 

From A, to A, 

Lengths or Sections 

0.41 ft. 

h 

- 

800 ft. 

i. 

- 

800 ft. 

It 

an 

780 ft. 

L 

- 

1000 ft 
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Theu the hydraulic radii are (using average values of A and 
p ) as follows: 

Hydraulic Radii of Sections and Values or y/r 
fi = 2.05, Vfi-1.43 

r, -1.81, Vr, = 1.345 

n=2.24, Vr, = 1.496 

r, =2.68, Vr, = 1.64 

_ h 

The slopes> - j are: 

»,= 0.0006, V«. = 0.0245 

<i = 0.00036, V*! = 0.01895 
<> » 0.000306, V*i - 0 0175 
«,= 0.00041, V». = 0.0203 

Usino Basin’s formula and taking m = 1.30, 


C 


Valdes or C are: 


87 


0.552 + 


1.30 

Vr 


C, » 59 6 
C, m 57.3 
C, = 61.0 
C, « 04 6 


The velocities are C\/ r X V«, and are as follows: 

V, - 59 6 X 1.43 X 0.0245 = 2.09 ft. per second 

V, - 57.3 X 1.345 X 0.01895 = 1.455 ft. per second 

V, = 61.0 X 1.496 X 0.0175 = 1.595 ft. per second 

Vi - 64.6 X 1.64 X 0.0203 = 2 15 ft. per second 

Using for values of d the mean areas computed above, the valuesofQ = AV, 
for the several sections are: 

Qt — 267.25 X 2.09 — 558.5 cu. ft. per second 

Qt — 364.5 X 1.455 = 530.4 cu, ft. per second 

Qt = 344.5 X 1.595 = 549 5 cu.ft. per second 

Qt — 254.8 X 2.15 = 547 8 cu. ft. per second. 

Average Q - 546.5 cu. ft. per second 

It is unlikely that the actual measurements made on a survey 
will give results which check as closely as the foregoing values 
assumed at random. The example, however, illustrates the 
method and also shows how great the accuracy of the level survey 
must be. By the same process, the maximum stream flow is 
computed from flood marks as has been previously set forth in 
this chapter. 
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The elope of the surface of the water in a stream corresponds 
approximately to the slope of the stream bed, but where the slope 
of the stream bed changes, that of the water surface undergoes a 
change before the point at which the stream bed slope change is 
reached. Thus, in Fig. 5, beginning at the left-hand end, the slope 
of the water in the first section corresponds approximately with 
the slope of the stream bed. The next adjacent section, 
toward the right, has less slope than the first section and the 
surface of the water begins to assume this decrease of slope before 
the point h, is reached. Also, the slope of the next succeeding 
section is greater than that of the second-named section, and the 
water surface correspondingly assumes this slope, but begins to 
take this more rapid fall some distance in advance of reaching the 
point h t , at which the stream bed slope changes. 

Backwater Curve.—The surface of a lake, formed by building 
a dam in a flowing stream, is not a level, horizontal plane, as is 
usually assumed. From the laws of flow' in streams that have 
been given in this chapter, it is clear that the elevation of the 
•water surface must continually rise from any point to any other 
point upstream, or, in other words, a difference in head must 
exist between two points, taken along the length of the stream, 
in order to cause flow from the higher to the lower elevation. 

The determination of the slope of the water surface, or the 
“backwater curve,” is of but little importance in practice, ex¬ 
cept in rare instances. In hydraulic-power developments the 
only computation necessary is to fix the approximate water- 
surface levels for maximum flood conditions. The calculated 
elevations depend on (1) the constants used, which are a matter of 
personal selection; (2) on several cross-sections of the stream 
bed, which arc determined by soundings and, therefore, kre not 
exact, the section being, moreover, subject to frequent changes due 
to erosion .or deposits, and (3) on the assumed maximum value of 
flood discharge which may differ from the actual discharge by 20 
per cent, or more. Hence, any attempt at accuracy in fixing the 
backwater curve can result in mathematically exact figures only, 
that will not locate the curve except approximately. The only 
thing to be sure of is that the actual backwater will never rise 
above the limiting elevations as computed. The backwater 
curve, thus becomes a limiting line of elevation—not a prediction 
of the exact contour of the water surface. Its object is, of course, 
to locate all lands, houses and other property that will be inun- 
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dated in time of flood, after the dam is built, so that proper 
provision can be made for such overflow. 

Several formula of the exact variety have been devised for 
computing the backwater curve. None of these is really accurate 
except for canals, flumes or streams having vertical sides. Also, 
these formulae are complex and require either difficult integrations 
or reference to voluminous tables. 

Like many other physical problems, this one is most easily 
solved by trial and error methods. The following is the method 
of computation used by the author for practical power work. 

Refer to Fig. 6. This shows a stream bed in which a dam has 
been erected, raising the level of the water at the site to a height 
H, which is equal to the height of the dam, plus the thickness of 
water over the crest. 



Working upstream from the dam, sections a,, a t , a t , a,, and a t 
are taken. The survey of these sections must extend a consider¬ 
able distance above the normal water line. The greater the 
number of sections the more accurate will be the computations. 
If only a rough approximation is desired, one section at the 
extreme upstream point, as a» in the figure, will be the only one 
needed. 

The quantities which must be known are: I t , 1%, lj, etc., or the 
distance between sections—measured along the stream and 
following its meanderings. 

a i, O], a s , etc., which are the areas of the sections up to the 
horizontal lines, k, m, n, etc. The area a, is first taken up to the 
horizontal line having an elevation the same as that of the water 
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surface at the orest of the dam. After eoinputing hi and adding 
it to H, this fixes the elevation of the horisontal lin» above the 
surface of the water at a,, and the area at is taken up to this second 
horizontal line, Im in the figure. After finding the elevation of 
the water surface at ai the elevation of the horisontal line for 
determining a, is located, shown astrn in the figure. This process 
is continued, step-by-step, until the last section is reached. 

Q, the maximum flood discharge must be known. 

C, the constant for velocity of flow in streams must be com¬ 
puted from the Kutter or Bazin formula. 

P> the perimeter of wetted stream bed must be known. This 
is scaled from the cross-sections. 

The approximate formula for the rise of water level, k h h v etc., 
above the elevation of the immediately preceding section is 

h = VFV* +(G- EVy - (G - EV>) .(18) 


F, G and E are constants for any stream and adopted values 
of l and resulting cross-sections. Their values are: 


F 


_ .eL, 

t oC l 


G 


a 

2u>’ 


E - 


a = area of section 
F = velocity in ft. per sec. 
w - width of section. 


1.251 

wC i 


a, p and w are taken up to the elevation of the horizontal 
reference lines. 

In using this formula, a value of F must be assumed for the first 
computation, and the calculations re-made after finding how far 
the first assumed velocity departs from that shown by the 
computations. 

An example will illustrate the simplicity of this method. 

Take the conditions shown in Fig. 6. 

For section ai, 

Oi ** 7500 sq. ft. 

I, = 7000 ft. 

»i <* 650 ft. 

Pi - 710 ft. 

Q m maximum flood = 60,000 cu. ft. sec. 

The coefficient C may best be computed from the Bazin formula 
o 7500 
p “ 710 


r 


10.6 ft. 
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Take m = 1.30. 

Then, 


0.552+ , 

VlO.G 

The constants can all now be computed 

F = l l _ 710 X 7000 

tcC* 650 X (91) 2 ~ 0 9233 

a = a _ 7500 

2u> 2 X 650 ~ 5 ’ 76 

E = 1251 - 1 25 X 7000 

mC’ 2 650 X (91 ) 2 ~ °' 001 °7 

The velocity must now be assumed. If Q werc paased through 

area «„ the velocity would be “ = 8 f t . per second . 

Since the area will be increased by the rise, h in the level of 
he water, the actual velocity will be less than Q - 
Assume a velocity of 7 ft. per second. " ‘ 

h - Vo.9233 X (7) 2 + (5.76 ~ 0.00167 X ( 7 ) 2 ) 2 

- (5.76 - 0.00167 X (7) 2 ) = 3 .12 ft. 
To compare this value of h with th« r .. 
velocity, proceed as follows- conditions of assumed 

Total area at section = 7500 + 2028 = 9528 sq. ft. 

Velocity through section = 60 ’ 000 
T . 9528 “ 0,3 ft - ^ second, 

■therefore the assumed velocity of 7 ft <■ , . 

great by 0.70 ft. per second or about 11 per ce ^ " ^ 

“» U*r ndos co m ’p„W. 
g. , , 0.70 

6-3 + 4 = 6.475 = V, and V 2 = 41.925 
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Then h = Vo.9233 X 41.925 + (5.76 - 0.00187 X 41.925)*- 
(5.76 - 0.00167 X 41.925) = 2.79 ft. 

Computing velocity through section as before, 

hw - 2.79 X 650 = 1813 sq. ft. increase in sectional area. 

Total area of section = 7500 + 1813 = 9313 sq. ft. 

60 000 

Velocity through section = ;);m = 6.44 ft. per second. 

This differs from the second assumed value of V by 6.475 — 
6.44 = 0.035 ft. per second, or less than per cent. 

In the same way, the value of h t for section at is found, h t 
for section a,, and the process continued as far back upstream 
as may be found desirable. From the values of ht, h t , h t , etc., 
the backwater curve may be plotted. The total rise from the 
dam back to the last section is, obviously, the sum of ht, h t , 
ht, etc., as found. 

The correctness of the head, velocity and area as found in the 
preceding example are shown by checking by formula V =■ Cy/r». 

The perimeter has added to it 1.25 X 2 X A (approx.) — 7 
■ft., so that total perimeter = 717 ft. 


New r = = 12.98. 

New C = , .... = 95.3. 

0.552 + , 

•n/12.98 

Slope = = 0.0004 

V = 95.3\/l2.98 X 0.0004 = 6.86 ft. per second 


which is within = 3.1 per cent, of the value of V 

computed by the foregoing method. 


MEASUREMENT OF STREAM FLOW 

There are five practical methods for measuring the flow in 
streams which are: 

1. Velocity of flow measurement with surface floats. 

2. Velocity of flow measurement with current meter. 

3. Velocity of flow measurement with Pitot tube. 

4. Quantity of flow measurement with chemical dosage. 

5. Quantity of flow measurement with weirs. 
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Of these, methods 1,2, and 3 are simply velocity measurements, 
and to compute the quantity of flow, surveys of the cross-section 
of the stream are necessary, just as in the case of computa¬ 
tion of Sow, and as more fully described hereafter. 

Method 4 requires neither the determination of velocity nor of 
stream cross-section. 

Method 5 is, practically, independent of the stream cross-sec¬ 
tion, and depends only on the cross-section of the weir itself. 

Accuracy of Determinations.—While it is not here suggested 
that measurements of stream Sow should be carelessly or hur¬ 
riedly made, nor that a mere superficial character of engineering 
is sufficient for hydraulic work, it should be understood at the 
outset, that attempts at extreme accuracy in Sow measurements 
for water-power developments, result in a waste of time and 
money. Scientific exactness would be justified, if the regime of 
a river were constant, but with the Sow varying from day to 
day, and from season to season, subject to no fixed laws, never 
repeating in any year the conditions of any preceding year, 
except partially and approximately, and subject to great dif¬ 
ferences of extreme low water, or heaviest fioods; the futility of 
expecting to settle any question by an accurate measurement of 
Sow at any time, should be obvious. 

A river may have, say, 300 cu. ft. per second, as its lowest 
recorded stage, within a long series of years. Whether a water¬ 
power project is financially justified is, certainly, not based on 
the assumption of, exactly, 300 cu. ft. per second as the criterion. 
A 10 per cent, variation above or below this would not affect 
the question. Certainly no experienced engineer would report 
favorably on a proposed development based on a minimum of 
300 cu. ft. per sec. if a low-water stage of 270 cu. ft. per second 
would mean an inability to meet the demand for primary power 
and result in a failure of dividends. 

The previous history of a river is only an indication of what 
may be expected, and is, in no wise, a definite prediction of the 
future stream flow for any season. Hence, a measurement, 
that is within 2 or 3 per cent, of the exact value, is close enough 
for every practical purpose. 

The one exception to this statement lies in the measure¬ 
ment of the water flowing through water wheels when efficiency 
tests are conducted. Accuracy within per cent, is necessary 
this particular case 
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Measurement by Floats.—To find the velocity of a stream by 
floats, select two points along the stream about 300 ft. apart. 
These should be located somewhere along the stream where it 
runs straight, without curves, bends, falls, or eddy whirls, and 
the current is down the middle of the stream—not near either 
bank. Make a cross-section survey of the stream at both 
points, and determine the area of each section in square feet. 
Take the average of these two sections. This gives the mean 
section. Take the velocity of the stream by means of a float 
which rides on the surface of the water. The float is put into 
the current of the stream about 200 ft. above the upper ref¬ 
erence point, so that by the time it has been carried down to 
this point it has attained the velocity of the stream. Observe, 
accurately, the time required for the float to travel from the 
upper point to the lower one. Knowing the time in seconds 
and the number of feet the two points are apart, the velocity of 
the stream flow at the time these observations are taken, may 
be computed. Several runs should be made at different points 
the stream surface. Not less than ten runs should be made 
and the average of these taken as the surface velocity of the 
water. The float may be a round billet of wood, 4 to 6 in. 
in diameter, and from 3 to 8 in long. Weights must be fast¬ 
ened to one end of the piece so that it will float vertically, with 
one end submerged and the other projecting only an inch or 
two above the surface of the water. 

In order to observe, from the bank, the position of the float, 
it is usual to fasten a small piece of red cloth by a nail or piece 
of wire, to the upper end of the float. 

Parker has found that spherical floats are less affected by 
wind, and states that oranges make excellent floats, easily de¬ 
tectable in the stream by their color. 

The distance apart of the two points selected to observe 
the float velocity should be accurately measured and stakes 
driven in the ground near the water’s edge tc fix these reference 
points. 

The velocity of the float is that of the surface of the water 
and is not to be taken as the mean velocity of the stream. 

In reality, the velocities throughout the croes-eection of a 
stream are widely variable. The velocity at the bottom and 
at the banks is lowest and it increases gradually, being greatest 
at some point near the center of gravity of the cross-section— 
usually slightly above it. 
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Figure 7 shows the variation in velocity at various parts of the 
cross-section of a stream. The irregular curved lines are 
boundaries of stream sections or filaments having the same veloc¬ 
ity. The inner section, A, has the highest velocity and there is a 
continuous decrease in velocity from this section out to the por¬ 
tions in contact with the stream bed. In shallow streams the 
comparative velocities and section of highest velocity will vary 

appreciably with the direc¬ 
tion and velocity of the wind 
when blowing strongly. 

The ratio of the float ve¬ 
locity to the mean velocity of 
the stream is widely variable, 
and depends on many factors, 
sucli as form of stream cross- 
section, depth of submerged portion of the float, direction and 
strength of the wind, and others. 

Probably the most satisfactory coefficients for determining 
the mean from the surface velocities are those of Gronsky {Trans. 
Am. Soc. Civ. Eng., vol. 66, page 123) which are given in the 
following table. 



Flo. 7.~Comparative velocities in dif¬ 
ferent sections of a stream. 


Tabu; 7.—Grdnhkv’s Coefficients fob Sueface Floats 


IF 

<1 

S 

W - width of stream in feet 

5 

1.01 

d - average depth in feet 

10 

0 97 

S = coefficient. 

15 

0.94 

Vm = average velocity of stream flow 

20 

0.92 

Vf * float velocity 

30 

0 89 

Vm = SVJ 

40 

0.87 


50 

0.85 


100 \ 
above j 

0.82 



These constants are for rivers with sandy beds and will apply 
only to streams having moderately smooth beds at the points 
of observation. For rough, stony bottoms, the values will be 
between 90 and 95 per cent, of the factors given in the table. 

Current Meters. —One of the most accurate methods of 
measuring the velocity of a stream is by means of a current 
meter. There are several types of this instrument, the principal 
ones being the Price, Haskell, Fteley and Warren. 

All current meters are forms of bucket-wheel, vane or screw 
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flow motors rotated by the current at a speed which is pro* 
portional to the stream velocity and provided with 
for recording the number of revolutions in a given time. 

According to Parker, the Ftcley and Warren are the most 
accurate meters, but require careful handling and more expert 
knowledge on the part of the observers than do the others. The 
Price meter is the one best known and most used in America. 
It is sufficiently accurate for every practical purpose and is strong 



and rugged, so that it maintains its condition as calibrated and 
is not easily injured. 

This machine consists of a series of buckets forming the 
periphery of a wheel arranged to rotate in a horizontal plane 
as indicated in Fig. 8 herewith. The buckets are made in the 
form of hollow cones, as shown. The yoke in which the wheel 
rotates is pivoted to revolve about a vertical shaft from which 
latter, the instrument is suspended. A tail vane, having a cross- 
shaped section, is fastened to the supporting yoke on the other 
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side of the supporting rod as shown. This vane serves to balance 
the wheel and yoke at the supporting rod and to maintain the 
axis of the machine parallel to the stream lines when immersed 
in a body of moving liquid. 

In order to prevent the force of the stream from swinging 
the supporting rod appreciably out of plumb, and thereby 
shifting the wheel from its normal horizontal position, a heavy 
weight is attached to the lower end of the supporting rod, as 
shown. This weight is shaped to present a sharp edge to the 
water flowing against it, and a wooden tail piece is fastened to 
the opposite end which keeps the weight steadily in its proper 
position, with the sharp edge turned upstream. 

The speed of the bucket wheel is recorded by an electrical 
make-and-break contact on the wheel shaft which actuates a 
revolution counter that is connected, electrically, by means of 
twin wires, to the contact on the meter. The meter mechanism 
may be submerged at any depth and moved about at will, while 
the revolution counter remains in a boat or is otherwise con¬ 
veniently located and under continuous observation. With 
this meter the velocities at various points in the stream cross- 
section may be taken by simply moving the meter from point 
to point and a fairly accurate value of the average velocity 
obtained. 

The counting mechanism is frequently made acoustic, in¬ 
stead of visual. In this case, a small hammer strikes against a 
diaphragm—usually one blow for each ten revolutions. The 
sound is conveyed from the diaphragm on the instrument to 
the ear of the observer, through a flexible tube terminating in 
an ear piece. The acoustic meter is less complicated, has no 
batteries, counters nor electrical devices, and is, therefore 
the more dependable form of instrument. It can not be used 
if the observations are to be made from a bridge, high above 
the water surface, and is only suitable for measurement! when 
the observer can hold the instrument by its suspension rod. 

It should be observed that current meters will give erroneous 
readings if there are eddies or swirls in the water—the reading 
being too high or too low, depending on the direction of the 
swirls. 

Hence, the point at which velocity observations are made 
should be carefully selected, so that the stream filaments flow 
in parallel paths, and there are no swirls or eddies. 
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Velocities should never be measured where rocks, boulders 
or other obstructions are near, nor at bends in the stream. 

The current meter is not suitable for measurements where 
the velocity is less than H ft. per second. 

There are a number of methods of obtaining the mean velocity 
of a stream by the use of a current meter. Of these the two 
principal ones are the two-point and the summation methods. 

For either method the width of the stream is divided into an 
equal number of parts, just as in making soundings. The 
number of parts should be not less than ten. For wide streams 
the width of any section should be not over 20 ft., which will 
W 

make the number of divisions where W - width of the stream. 

For two-point observations, two runs are made at each division, 
one being at a depth of 0.2 d, while the other is made at a depth 
= 0.8d, in which d is the depth of the stream at the division 
point. Then, one-half the sum of the two readings is the mean 
velocity of the section. The mean velocity of the stream is the 
average of the mean velocities of all the sections. 

Owing to the fluctuations in velocity at any point in a stream, 
each reading should be prolonged over at least 2 min. and 
preferably 3 min. 

The summation method consists in lowering the meter as 
far down toward the bottom of the stream as it can go and 
have the parts work freely. After remaining in its lowermost 
position about min., if is then slowly raised, at a uniform 
rate, not exceeding 6 ft. per minute, and then held near the 
surface for the same length of time it remained at the bottom. 
The average velocity of the meter during the time is the average 
velocity of the stream at the point selected. This observation 
is, of course, made at each of the division points, and the average 
of all the velocities thus obtained is the average velocity of the 
stream flow. 

The summation method has the disadvantage that the raising 
of the meter at a uniform rate requires skill and patience. The 
two-point method is as accurate and much the easier of the two. 

Current meters must be calibrated from time to time to 
insure their accuracy. ThiB is usually done by drawing the meter 
through a body of still water, at a known velocity, and checking 
the readings against the actual speed of the meter through the 
water. Du Buat has, however, shown that the effect of drawing 
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any object through water at a given velocity is not the same as 
that of water moving at the same velocity, and striking against 
the object. The difference between the two effects is not very 
great, and current meters which are rated in this convenient 
manner will register as nearly the true stream velocity as one 
rated in a moving stream where the observations of velocity 
of stream flow are, necessarily, less accurate than the measure¬ 
ment of the speed of the meter drawn through still water. 

The following notes on the use and care of the current meter, 
from a paper by Hoyt, are of value: 

1. Be sure that the set screws are all tightened before putting the 
meter in the water; otherwise one of the parts may be lost. 

2. Loosen the sleeve nut and see that the meter runs freely before 
beginning a measurement; and spin the meter cups occasionally during a 
measurement to sec that they arc running freely. 

3. See that the weights play freely on the stem, so as to take the direc¬ 
tion of the current and thus avoid a drag on the line. 

4. If any apparent inconsistency in the results of an observation throws 
doubt on its accuracy, investigate the cause at once. Grass may be wound 
around tho cup shaft; the cups may be tilted by tension of the contact wire; 
the channel may be obstructed immediately above the meter; the meter 
may be in a hole; or the cups may be bent so as to come into contact with the 
yoke. 

5. After a measurement, clean and oil the bearings (in order to prevent 
rust) and inspect the cone point. 

8. In packing the meter, turn the sleeve nut to lift the cups from the 
cone point. 

7. Always see that tho lock nut on the cone point is firmly screwed 
against the cone plug. 

8. If the cono point is dulled, it can bo sharpened with an oil stone. 

9. In measuring low velocities, be sure that the meter is in a horizontal 
position. If it has a tendency to tip, it can be held in place by using a plug 
in the slot for the stem. 

10. Avoid taking measurements in velocities of less than ^ ft. per second, 
as the accuracy of the meter diminishes as zero velocity is approached. 

11. For velocities of less than 1 ft. per second, the bearing point should 
be sharp and smooth, as at the time of rating. As the velocity increases, 
the condition of the point is less important, for then the friction becomes a 
small factor. 

12. In taking measurements at high velocities, sufficient weight, or a 
stay line, should be used to hold the hanger so that the meter will remain 
horisontal. 

13. In very shallow streams the meter should be suspended from the lower 
bole on the stem, and the weight should be placed above. 

1*. If the cups of a small Price meter are bent, they may easily be put in 
place by using a wood or metal bar with a round, smooth end. 
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It. The telephone receiver is very sensitive to electric currents, end csn 
be used to locate any break in the circuit. First try the tdephone and bat¬ 
tery together in a circuit having a make-end-break point. This may be 
done by using a knife blade or a screw-driver, making connection where the 
wires miter the plug. If there is no click in the telephone, then the battery 
or the telephone does not make a circuit. If there is a click, insert the meter 
in the line and test for a contact in the meter head by revolving the meter 
wheel. If the meter is all right, put the meter cord in the circuit and test 
both aides by making double connection and touching alternate sides of the 
line. 

16. When the meter is not in use, disconnect the meter line from the 
battery, so that it will not become exhausted. 

17. Do not strike the telephone receiver, as a heavy jar will, to a greater 
or less extent demagnetize the pole pieces, and to that extent will injure the 
receiver, 

18. Care must be taken not to short-circuit the dry battery when the 
meter is not in use, as in that way the cell becomes exhausted in a short time, 
the energy being used in heating the cell. To avoid this, the poles are 
wound with adhesive tape. 

19. If a dry cell which has been long in stock fails to work well, punch 
two nail holes in the wax on top of the cell and put it in water over night, 
when it will absorb enough moisture to renew it. The holes should then be 
coated over by heating the wax with a match and pressing it into place, or 
by pouring in melted paraffin. A cell which has been exhausted by use 
gives but little current after this treatment and may not give any appre¬ 
ciable amount. 

Pitot Tube.—An excellent form of meter for measuring ve¬ 
locities is the Pitot tube. In its original form it was simply a 
glass tube having a curved bend in it, the two branches being at 
right angles to each other. Fig. 9 shows the principle of the 
device. 

One end of the tube is immersed in the water, pointing up¬ 
stream in the direction of the current, while the other end projects 
vertically upward from the water surface. The height to which 
the water rises in the vertical branch above the surface of the 
water gives the indication of the velocity of flow. Theoretically, 

V* 

this height h, in feet, is equal to ^, in which V = velocity m 
feet per second. 

In the first practical form, the gauge consisted of two tubes, 
one straight, called the pressure tube, and one bent, called the 
impact tube, fastened together, as indicated in Fig. 10, each hav¬ 
ing a small opening at the lower end. 

The two tubes are immersed in the water, then taken out and 
held in a position to be observed conveniently and obtain a 
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careful measurement of h, which is obviously, the difference in 
height between the level of the water in the vertical length of the 
bent tube, and that in the straight tube. 

8 topcocks, s, », are convenient to keep the water from passing 
through the small openings in the lower ends of the tubes when 
they are lifted from the water, although the fingers pressed over 
the upper ends of the tubes will retain the water at the respective 
original levels until h is read. 

The size of the openings immersed in the water should be 
very small, varying from to in. in diameter. In the case 
of very high velocity measurements, the nozzle of a stylographio 
pen has been found to give a good size of opening. 



Fla. 9.—Principle of Pitot tube. Fia. 10.—Pitot tube. 

The simplicity of this device, its low cost, and the ease with 
which readings can be made in streams, or inside of pipes, would 
cause it to be universally used if it were not for the general 
belief that there is considerable difficulty in calibrating it. 
Ordinary forms of Pitot tubes must be calibrated, as the value 
of the difference in the water levels in the two tubes is seldom 
y* 

exactly equal to This calibration, for accuracy, must be 

made under a water velocity nearly the same as that of the 
water which it will be used to measure. When it is considered 
that a velocity of 1 ft. per second will produce a rise in the 

impact tube equal to ft., or less than H in., it is obvious 
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that the readings and calibration must be extremely accurate 
to record low velocities with any degree of exactness. The 
Pitot tube is not useful for practical measurements below 2 ft. 
per second. 

The principal experimenters with these devices seem to have 
concluded that the necessity for calibration and the lack of 
accuracy, are due to the pressure tube and not to the impact 
nozzle. 1 White suggests a pressure tube of the form shown in 
Fig. 11. His experiments show, conclusively, that if the tube 
be smooth, inside and out, and the orifice be made without burn, 
swells, or without changing the walls of the tube in any way, the 
value of h will be equal to the theoretical value, and no calibra- 



Fiu. 11.—White’s pressure-tube nozzle. 


tion is required, no matter what the form and size of the opening 
in the impact tube may be. In the light of these experiments 
and the important result, it is difficult to understand why this 
form of pressure tube has not been more universally used. 

In measuring the velocity of streams having rough beds and 
in which the velocity is nowhere constant, the level of the 
water in the two tubes will oscillate and a definite reading is 
difficult. This is overcome by placing “damping” drums in 
the tubes as indicated in Fig. 12. 

These are merely short sections of the tubes where the diameter 
is greatly increased, so that a mass of water is stored in them 

J Whit*: Journal of Auoe. of Engineering Societiet, August, 1901. 
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which has sufficient inertia to prevent the fluctuations in velocity 
from producing oscillations in the water columns in the tubes. 
These masses of water do not, however, influence the height 
of the water columns in the tubes, which heights are the averages 
of the changing velocities at the mouth of the impact tube. 

Figure 12 also shows a construction frequently adopted, 
namely, that of joining the two tubes together at the top so that 
by placing (he finger.over the end of the single tube, at the top 
of the U bend, the whole apparatus may 
be lifted out of the water without any 
change in level of the water columns, and 
the reading more conveniently taken. 

Differential forms of Pitot tubes have 
been devised in which a column of some 
light liquid, such as kerosene, is lifted by 
the impact of the flowing water, the ob¬ 
ject being to magnify h, for a given value 
of 1'. These do not seem to be suitable 
for.general hydraulic investigations and 
have, apparently never been used except 
in rare instances. 

Chemical Methods of Stream Meas¬ 
urement.—In the foregoing methods of 
determining the flow in streams by vari¬ 
ous kinds of measurements, means for find¬ 
ing the velocities only, have been given. ■ 
The quantity of water is, of course, 
computed by multiplying the cross-section of the stream by the 
average velocity of the water through the known cross-section. 

The method of “dosing” the water with some cheap chemical 
and measuring the dilution, is a method for determining the 
stream flow which is independent of any knowledge of either 
stream velocity or cross-section. Hence the cost of cross-section 
surveys is avoided, when this chemical means is employed. 

In his excellent work, “Control of Water,” Mr. Philip A. 
Morley Parker gives some practical formulse for application of 
this method. 

If a weight of to lb. of a chemical be added each second to Q 
cu. ft. of water flowing each second, and, after thorough mixture, 
the water is found to contain 1 lb. of chemical for each n lb. of 

( 19 ) 
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Fmi. 12.— Pitot tube 
with common junction 
an<l damping drums. 
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In order to get satisfactory results, it is essential that the 
chemical be dissolved in water and the solution added at some 
definite, uniform rate; the mixing of the solution in the water of 
the stream must be thorough before the sample for analysis is 
taken, and the solution itself should be thoroughly mixed and of 
uniform density. 

The best chemicals are common salt, or calcium chloride. 
The solution made by dissolving the adopted chemical in water 
should be nearly, but not quite, saturated. This solution is 
added to the stream from a containing vessel, emerging through 
a small nozzle, the size depending on the size of the stream to 
be gauged. The nozzle must work under a constant head, and 
should be adjusted to give a rate of discharge of the solution 
of from 0.01 to 0.04 cu. ft. per second per 100 cu. ft. per second of 
stream flow. 

Any form of constant head vessel will serve. Parker de¬ 
scribes one with a weir overflow to prevent the head from 
changing, the solution being fed to the vessel from a larger res¬ 
ervoir at a slightly faster rate than it is discharged from the 
nozzle. There is, of course, a tank used as a reservoir from which 
the solution is fed to the constant head vessel through a pipe or 
hose. A valve in the feed pipo enables the flow from the tank 
to be adjusted to discharge the solution at any desired rate to 
the constant-head vessel. The tank and constant-head veftsel 
may be made of any convenient material, such as wood, tin, or 
sheet steel. 

let V m = mean velocity of stream in feet per second. 

6 = breadth of stream in feet. 

Then for streams having an average depth between and 

g, complete mixture does not occur until a distance of at least 

66 has been traversed, and the discharge of solution into the 

246 

water has continued for a period of v sec. Samples must 

V TO 

be taken while the chemical is still- being added, though until a 
66 

time = sec. has elapsed after ceasing to add the chemical, 

» TO 

the water downstream at a distance = 66, still contains the normal 
amount of solution. 

Before attempting a gauging by this method, the water should 
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be analyzed to discover its actual weight and whether it normally 
carries any salts in solution. If any salts are found, then the 
amount of chemical added to the water is found by subtracting 
from the total amount shown in the analysis, the quantity which 
the stream normally carries. 

This method of measurement is, obviously, particularly 
adapted to measurement of quantities of water in making turbine 
tests, where the admixture is thorough, and the “dosing,” into 
a flume or through a hole in the penstock, easy and definite. 

It is, however, improbable that thorough mixture will take 
place in a wide large river unless dosing nozzles are placed at 
intervals of, say, 100 ft. Also, the quantity of chemical required 
to gauge a large stream would be considerable. Therefore, 
for streams discharging over 1000 cu. ft. per second, some other 
method of gauging will, in general, be preferable. 

For common salt, the amount which should be used is 0.30 
lb. per second, per 100 cu. ft. sec. of water in the stream, which 
for a 10-min. run would require 180 lb. of salt per 100 cu. ft. or 
1800 lb. for a 1000 cu. ft. sec. measurement. 

Parker indicates that a solution containing 22.5 per cent, of 
salt is a satisfactory one. 

The determination of the chemical content of the water 
should be made by a skilled chemist. The chemistry of this 
process is beyond the scope of this treatise, and, likewise, beyond 
the experience of most hydraulic engineers; therefore, it should 
not be attempted by them. The samples should be care¬ 
fully . corked in bottles—any size from a quart up—and 
several samples taken from different parts of the stream at each 
observation. 
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WEIRS AND ORIFICES 

Weirs.—A weir may be broadly defined as an artificial obstruc¬ 
tion in a water-way, having a definite configuration and a sheer 



fall on the downstream side over which the water falls in a 
sheet. Thus, the well-known measuring notch, made in a board 
set vertically in the stream, is one type of weir, while the spillway 
of a dam is another type. 

In general, weirs are further subdivided as “broad- 
crested,” and “thin-crested.” 

A thin-crested weir is one in which the edge, over 
which the water pours, is sharp, as indicated in Fig. 

13. The bevelled surface is always turned down¬ 
stream, the sharp edge being turned upstream as 
indicated. 

For accurate measurements, such as are required 
in testing hydraulic machinery, the edges of the notch 
should be made of flat steel, filed or machined fairly 
sharp, as indicated in Fig. 14. In the case of weirs 
having a depth of 1 ft., or more, over the crest, the edges may 
be %s in. in thickness. 

A broad-crested weir is, obviously, one not sharpened, such as 
the spillway of a dam, or a fiat board, placed as shown in Fig. 
13, but without the edge sharpened. 

43 



Fio. 14. 
Steel weir 
edge. 
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Weirs are further classified according to whether they form 
merely a fallway, extending clear from one side of the stream to 
the other, or whether they also constrict the width of the 
stream. Thus, in Fig. 15, a is a weir without end contractions, 
6 is a weir with one end contraction and c is a weir with two end 

contractions. The last one 
is the type used, almost 
exclusively in test meas¬ 
urements. 

Weirs may bo further 
classified as rectangular, 
trapezoidal, (also called 
Cippoletti) and triangular. 

A — ■ Water Level / The weirs shown in Fig. 15 

\ : arc rectangular weirs. The 

\ L V — ~ * trapezoidal and triangular 

\ weirs will be discussed later 

\ - ' - in this Chapter. 

, - Many investigations and 
experiments have been 
( Nr . .1 Water Level r . made on various forms and 

\ I -_; sizes of weirs, and under 

I | different conditions of 

\ - stream flow, but the origi- 

-V.,.— c nal formulae, deduced by 

J. B. Francis from his 

Fio. 15.—Forms of weirs. Lowc11 experiments, in 

1842, are still regarded and 
accepted as the most universally applicable, easily used, and 
accurate, when applied to rectangular weirs. 

The experiments of Bazin, 1 * * Smith,® Rafter, 8 Fteley & Stearns, 4 
Lyman 5 and others, all tend to confirm the real, practical value 
of the Francis formulas. 

In Fig. 13 is shown a sharp-edged weir, with the water spilling 
over it. The actual thickness of the water at the weir and pass¬ 
ing over its crest is D, but the head acting on the weir is H as 

1 Annales des Fonts el Chaussies, October, 1888. 

• "Hydraulics.," Hamilton Smith, Sr. 

* Trans. Am. Soc. Civ. Eng., vol. XLIV. 

4 Traiu. Am. Soc. Civ. Eng., vol. XII. 

4 Trans. Am. Soc. Civ. Eng., September, 1913. 
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indicated, H being the difference between the elevation of the 
weir crest and that of the water surface at a point some distance 
back from the weir crest. As shown, the water surface gradually 
drops as the weir is approached, and takes the form of a smooth, 
parabolic curve. This drop is due to the increasing velocity of 
the water, and the diminution of water level, at any point, is 


equal to 


TV- V, 

2 f 


ft,, in which 


V, = velocity at some distance hack from the weir (feet per 
second). 

Vi — velocity at point where drop is to be computed (feet per 
second). 

g - acceleration due to gravity -- 1(2.2. 


The distance S, from the weir crest back upstream to the 
point where the curve ceases and the water surface becomes level, 
varies with the depth of water over the crest. It is not a very 
definite function, and seems to vary from 3// to 3.5//. 

' When measurements of II are made, the elevation of the water 
surface should be taken at a distance at least 5//, upstream from 
the weir, but not further away than 10//. Of course, // has to 
be first approximated to fix these distances, but as it is simply a 
question of getting a measurement upstream, a distance not 
less than 511, this presents no difficulty. 

The drop, G, in water level, at the crest, is widely variable, 
H H 

lying between and ^. Its value depends, largely, on the 

form of crest. It is much greater for broad-topped than for 
thin-crested weirs. 

For approximate measurements of II, a stake may be driven 
into the bottom of the stream bed 511 ft. upstream, and cut off 
so that its upper end is at exactly the same height as the weir 
crest. The depth of water is then measured with an ordinary 
carpenter’s rule, by placing it vertical, with one end resting on 
the stake, and reading the distance to the water surface. 

If, however, the flow of water over the weir is to be determined 
with any degree of accuracy, a hook gauge and gauge well or “still 
box” are essential to measure the elevation of the water surface. 

Hook Gauge.—The hook gauge is so called from its form. Fig. 
16 shows one of a kind frequently made in the field. The sharp, 
upturned point, p, is raised until it is just level with the surface 
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of the water. The top of the rod, of which the hook and point 
form the lower portion, has its elevation measured againBt 
a scale », the elevation of the scale being accurately fixed by a 
Y-level, or other equally exact means. The scale itself should 
be a standard, finely divided steel scale fastened to a wooden 




Fju. 17.—Hook gauge with vernier. 


support. The gauge is made with a fixed distance, d, between 
the point and the top of the rod. Knowing the scale elevation, 
and d, the exact water level is easily calculated. 

Movement of the hook rod is effected by the milled nut, n, 
encircling the rod and working between two rod guides, the rod 
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being threaded. In this way, extremely small changes in the 
elevation of the point can be effected. 

These devices, while simple, must be made with extreme 
accuracy, as very small errors in determination of the head over 
a weir, will produce a considerable variation from the true value 
of water discharged. 

A much better and more accurate hook gauge is that shown in 
Fig. 17 which is provided with a vernier for more exact readings 
of the head. It is recommended that this form be used whenever 
obtainable. 

It takes but little practice to make accurate observations 
with a hook gauge. The lifting up of the water surface, without 
the point actually breaking through the surface film, is well- 
defined and easily observable. 

Still Box.—Measurements of the elevation of the water level 
require that the surface be smooth and still. Hence, the hook 
gauge must be placed in a “still box." This device may take 
many forms. Essentially, it consists of a vessel having its bottom 
Closed but the top open. Small holes are bored through the sides 
and bottom of the vessel, which is fastened to a support in the 
water, so that its bottom is at least 1 ft. below the surface of the 
water to be measured, and the top projects high enough above the 
surface to prevent water from spilling over it. The hook gauge 
is set inside the still box, and measures the elevation of the tran¬ 
quil water inside, the level of which is the same as the mean 
level of the surrounding water into which the still box is immersed. 
Obviously, the still box cannot be set in the path of the water, 
but must be placed near one bank of the stream, and as far out 
of the current as practicable. Usually, a square box is made, 
measuring 8 to 10 in. inside, and from 2 to 5 ft. long, depending 
on the variation in the elevation of the water that it is intended 
to measure. 

Figure 18 shows a satisfactory form of still box. The dimen¬ 
sions and construction are clear from the figure. As shown, 
a long plank forms one side of the box, but projects beyond the 
box at both ends. The upper projection serves to support the 
scale of the hook gauge and the gauge itself, while the lower end 
is sharpened and driven firmly into the stream bed, so that it 
forms the support for the entire device. Of course, many con¬ 
venient structures will suggest themselves. The principal 
conditions to be maintained are, that (1) the size of the box be 
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amply large to operate and read the hook gauge; (2) the size 
be not too large (not above 18 in. square) so that small ripples • 
inside the box may be avoided; (3) the height of the box above 
the water line should not exceed 8 in. as it becomes somewhat 
difficult to determine, exactly, just when the hook gauge point is 
adjusted to the water level; (4) the thickness of the material of 
which the box is made should be preferably in. or more so that 
pulsations of the outside mass of water are not transmitted 
through the holes, but are “damped” out. 



Fia, 18.—Still box. 


Formulae for Weir without End Contractions.— 

If Q = quantity of water in cubic feet per second. 

H — head on the weir. 

Q i = cu. ft. sec. per foot length of weir (20) 

L = length of weir in feet. 

Qi = 3.33 H h 

Q = 3.33 LH h (21) 

These formula assume that the velocity of the water flowing 
to the weir, or “velocity of approach,” is low and its influence 
negligible. 

If the velocity of approach is such that its equivalent head is 
6 per cent., or more, of the head over the weir, the computation 
must be corrected to include it. 
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y» 

Since h = g , the total head on the weir to give velocity to 


V 1 . 


the water flowing over the crest is H + h = H + 0 , in which 


h = equivalent head due to velocity of flow. 

V = velocity at point distant 3 H, or more, above weir crest— 
all in foot, second units. While the head to cause velocity is 
H + h, the height of water over the weir crest, which fixes the 
area of the overfall, is not changed by the velocity of approach. 
Since Q is dependent on both the velocity and the cross-section, 
the quantity discharged over the weir is not 3.33 L (II + h) M as 
is erroneously stated by some writers, but: 


0, = 3.33[(// + h) H - h»] per foot length (22) 

or 

Q = 3.33/4(7/ + h*) - h H ) (23) 


all in foot, second units. 

Formula for Weirs with End Contractions.—Where the width 
of the stream is constricted by the weir, as in & and c, Fig. 15, 
the formula previously given do not give the discharge ac¬ 
curately without a correction factor. 

Francis formula for a constricted rectangular weir with very 
low velocity of approach is 

Q = 3.33 (L - 0.1 nII)H* (24) 

in which n = number of end contractions. 

The weir almost universally employed for accurate measure¬ 
ments, is one which constricts the stream on both sides, like that 
shown in c, Fig. 15. For this case, the number of end con¬ 
tractions, n, is 2. Hence the formula (neglecting velocity of ap¬ 
proach) becomes 

Q = 3.33(L - 0.2//)// H (25) 


Where the velocity of approach is considered, the value of H in¬ 
side the parenthesis is unchanged, but H H becomes (// 4- h) M — h H 
so that the complete general formula is, 

Q = 3.33 (L - 0.1 nH)[(H + h ) M - A M )] (26) 

Following is a table giving the discharge over weirs of various 
lengths and depth of water over the crest. Velocity of approach 
neglected. 

4 
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Table 8.—Discharge over Rectanoblar Weirs, with and without 
Contraction 

Formula, D » 3 HU- 0.2 


Death // of water Discharge in oubio feet per second 


Depth, II, ot water 
on crest measured 
in still water. Bee 
page 43 


In inches In feet 


No velocity of approaoh 

Hi ft. 2 ft. I 3 ft. 5 ft. 

long long long long 


10.0133 0.0200i0.0267 
0.0369 0.055fl|0.0743 
0.0674 0.1015 0.1350 
0.1033 O.150O!0.2087 
0.14380.2175|0.2912 
0.1879|0.2847 0.3816 


2 1 

0.175 

2355 0.357610.4795 

2 4 

0 2 

.2861 0.4352 0.6843 

2 7 

0.225 

3.3399,0.5177 0.6956 

3 0 

0,25 

1.3959 0.8042 0.8126 

3.3 

0.275 

3.4543,0.6946 0.9350 

3 6 

0.3 

3.5149,0.7888 1.0627 

3 9 

0.325 

3.5775 0.8803 1.1952 

4 2 

0.35 

[>.8420,0.0571 1.3321 

4.5 

0.375 

| 

). 7079,1.0909 1.4732 

4 8 

0,4 

.... 1.1974 1.6189 

6 1 

0 425 

. ...1.3070 1.7680 

5 4 

0.45 

.; 1.4189 1.9221 

5.7 

0.475 

.i .5333I2.0790 

6.0 

0.5 

.... 1.6500 2.2392 

0.3 

0.525 

. 1.768912.4029 

6,6 

0.65 


G.'J 

0.575 

. 2 0129,2.7395 

7.2 

0.6 

.2.1378;2.9123 

7.5 

0.025 

.i2.2646 3.0881 

7.8 

0.65 


8 1 

0.075 

... 2.5234 3.3478 

8.4 

0.7 

. 3.6313 

8 7 

0.725 

.. . . .3.8170 

9 0 

0 75 

. . 4.0052 

9.3 

0.775 


9.0 

0 8 

. . 1. 4.3888 

9.9 

0.825 

. 4.5833 

10.2 

0.85 


10.5 

0.875 


10.8 

0.9 

! | 

11.1 

0.925 


11.4 

0.95 

i ! 

11.7 

0.975 

1 

12.0 

1.0 

i ! 

12.3 

1.025 

.'.1. 

12.6 

1.05 

i ; 

12.9 

1.075 

.i.!. 



1 1 


10 ft. 
long 

Correction to be 
added to eaoh of the 
preceding to give 
discharge with no 
contraction 

0.1330 

0.0000 

0.3716 

0.0004 

0.6830 

0.0010 

1.0519 

0.0021 

1.4695 

0.0037 . 

1.9312 

0.0058 

2.4315 

0.0085 

2.9690 

0.0119 

3.5412 

0.0160 

4.1462 

0.0208 

4.7803 

0.0264 

5.4442 

0.0328 

8.1363 

0.0401 

6.8537 

0.0483 

7.5978 

0.0574 

8.3645 

0.0875 

9.1585 

0.0785 

9.9775 

0.0906 

10.8094 

0.1037 

11.8672 

0.1178 

12.6469 

0.1331 

13.4474 

0.1496 


6.7734111.6444 23.< 


8.0257 13.7177 27.1 
8.3509 14.2839 29.1 
8.6731 14.8461 30.1 


9.3333 16.0000 32.1 
9.6685 16-. 6869 33.1 
10.0058 17.1789 35.: 
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Tabu 8.—Discharge over Rectangular Weirs, with and without 
Contraction.— Continued 


Depth, H , of water | Discharge in cubic feet per aeoond 

on erect measured —__ _ 


n Mill water. See 
page 43 


With two complete contractions ' 

No velocity of approach j 

Correction to be 
added to eaoh of the 

n inches 

j In feet 

1 ft. 
long 

lit ft. 
long 

2 ft. | 3 It. 1 t ft. 
long , long j long 

10 ft. 
long ! 

discharge with 
contraction 

no 

13.2 

It 



' ! 

.. 10.6907 18.3825 

37.6100 

0.8490 


13.5 

1.125 



. • ,11 0376 18.9920 

38 8801 

0.8949 


13.8 

1.150 



.... j! 1.3866 19.6080 

40.1625 

0.9455 


14.1 

1 175 




41.4573 

0 9977 


14 4 

1.2 



. 12.0935 20.8560 

42.7664 

1 0510 


14.7 

1.225 



.... 12.4507 21.4893 

44.0866 

1.1073 


15 0 

1 25 



. .. 12 8100 22.1279 

45.4204 

1.1646 


15 3 

1 275 



13.1733 22.7713 

46.7663 

| 

1.2237 


15.0 

1.3 



13.5375 23.4189' 

48.1224' 

1.2840 


15.0 

l 325 



... 13.9067 24.0727 

49.4927 

1 3473 


16.2 

1.35 



.... 14.2740 24.7308 

50.8733 

1.4117 


16.5 

1.375 



.. 14.0450 25.3940 

62.2671 

1.4780 


10.8 

1 4 



.20.0025 

53.6710 

1.5460 


17.1 

1.425 



.20.7355 

55.0870 

1.6160 


17.4 

1.45 



.27.4127 

66.5132 

1.6878 


*17.7 

1.475 



. 28.0950 

57.95151 

1.7615 


18.0 

i 



. . . 28.7814 

59.3999! 

1.8371 


18.3 

1 525 



. . . 20.4729 

60.8604' 

1.9146 


18 6 

1.55 



... 30.1680; 

62 3300 

1.9940 


18 9 

1.575 



. ... 30.8681 

03.8116 

2.0754 


19.2 

1.0 



.31.57171 

65.3022 

2.1588 


19.5 

1.625 



.32.2800 

06.80401 

2.2441 


19.8 

1.050 



.32.M.VI 

68.3l75j 

2.8314 


20.1 

1.075 



.33.7093 

69.8393: 

2.4207 


20.4 

1 7 



.-34.421*9 

1 

71.3710; 

2.5121 


20.7 

1 725 



.135.1546 

72.9146 

2.6064 


21 0 

1 750 



. 35.8827 

74.4672 

2 7009 


21.3 

1 775 



.... 36.0151 

76.0286 

2.7984 


21.0 

1.8 



. 37.2510 

77.6002 

2,8979 


21.0 

1.825 



.38.0009 

79.1814 

2.9996 


22.2 

1 85 



. 38.8340 

80.7726 

3.1034 


22.5 

1.875 



. 39.5812 

82.3717 

3.2093 


22.8 

10 



. 40.8321 

83.9816 

3.3178 


23.1 

1.925 



.. 41.0860 

85.6005 

3.4276 


23.4 

1.95 




87.2271 

3.5399 


23.7 

1.975 


.1 

.... !. 42.6045 

88.8635 

3.6546 


24.0 

2.0 


1 

. 43.3695 

90.5061 

3.771 


27.0 

2 25 


. 1 

..|.107.44 

5.06 


30.0 

2.50 



.. 125.17 

6.59 


36.0 

3.00 



.. 162.81 

10.39 



Broad-topped Weirs.—Although the discharge over broad- 
topped weirs is not accurately given by the Francis formula, 
the flow as computed from it, is so nearly the same as that de- 
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rivfed from later and more exact formula}, that it may be employed 
for practical use in water-power engineering. 

Usually, the sole computation that is made for discharge over 
broad-topped weirs, is for the purpose of fixing the length of 
the spillway of a dam, and the maximum thickness of flood waters 



over it. Since this is, at best, 
an approximation only, as has 
been previously indicated 
herein, there is no real ad¬ 
vantage in following through 
the elaborate experiments of 
the several authorities who 
have produced other formul® ■ 



and graphical solutions of this 
problem. Any engineer who 
desires to follow these inves¬ 
tigations as a matter of scien¬ 
tific interest, is referred to the 
several papers and treatises on 
the subject before mentioned. 

Path of Nappe over Weirs. 

J'he sheet of water falling 
over the weir crest—called the 
“nappe”—may take any one 
of several paths, depending 
on the conditions. 

The usual path is that of 
the “free nappe,” shown in 
previous figures and also in a, 
l ig. 19. This form assumes 
that air can flow freely to the 
under-surface of the nappe, 
which is always the case with 


weirs having end contractions. 
If air cannot flow freely to the underside of the nappe, a partial 
vacuum is formed between the water sheet and the weir, causing 
an inward pressure and resulting in the path indicated in 6 of 
rig. 19. 


The path of the “ffee nappe” has Imn investigated by Bazin, 
raricer gives a table 1 which shows the ordinates of the curves 
1 Pmur A. Morlet pARMmt "Control of Water. 1 '. 
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forming upper and lower boundaries of the nappe from the points 
where they begin, to a distance downstream equal to 0.7H, H 
being the head on the crest of the weir. 

Referring to Fig. 13, it is seen that the curve of the upper 
boundary begins at a distance about 3 H upstream from the 
weir crest. Also, the under-surface of the water does not begin 
to fall immediately after it passes the crest but it actually rises 
slightly as indicated at e. 

Taking the origin of the curve at the weir crest, the curve of 
the upper boundary curve can be plotted as follows: 

Table 9.—Coordinates or Upper Cdrve op Free Nappe 


r r : J 

For a - . -3 - 1 0.0 0.1 0.2 ; 0.3 j 0.4 0.5 j 0.6 , 0.7 

* « 0.9970.903 0.S510 S200.7950.7620.7240.0800.6270.696 

The coordinates for the lower boundary curve are as follows: 
Table 10.—Coordinates of Lower Curve or Free Nappe 


For * = 0.0 0.10 0 20 0.25 0.30 0.40 , 0.50 j 0.60 , 0.70 

V ' lift 

' = 0.0 0.OS.1 0.109 0.112 0.111 0.097 0.071 0.035 0.009 

tl _ 1 _ [ | 

The continuation of the lower boundary curve is plotted from 
the formula of Mtiller 

x 2 = 2.3 Hy T - (27) 

This latter is only an approximation, if II is less than 3 ft: 

These tables and formulae for the lower boundary are useful 
in laying out the curve of the upper section of the spillway 
of a dam. It has been customary to approximate this curve as 
a parabola having the equation, 

x s = 1.78% (28) 

The curve thus computed is probably as close to the actual 
possible contour of a masonry dam as workmen will make 
it, but to guard against the overflowing waters springing clear 
of the Bpillway and falling to the tail water, causing scour, instead 
of being guided over the curvgs of the natural water path and 
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easily down to tail water, the more accurate tables and formula 
should be used. 

If the air is completely excluded from the under-surface of the 
nappe, the mass of water from the weir crest down to the stream 
lied becomes practically solid, as indicated in c, Fig. 19. A 
vacuum is formed as shown by the dotted lines in the figure. 

The movement of the water, in cases of partial or complete 
vacuum, produces a downstream pull against the weir, which, in 
the case of large dams, may be great enough to form a consid¬ 
erable stress which must be guarded against by arranging for 
admission of air underneath the nappe. 

“Drowned” Weirs.—When the water level on the downstream 
side of a river is higher than the weir crest, as indicated in a and 



6, Fig. 20, the weir is called a “drowned,” or submerged weir. 
The Fteley & Stearns formula for discharge over a submerged 
weir is as follows: 

Calling Z the net head over the weir, Z = H — Hi, where 
H - elevation of water upstream, above weir, and Hi is elevation 
of water downstream, above weir. 

Without end contractions, 

Q-CLVz(h + H J) (29) 

C a a constant depending on the ratio -g- Values of these 
constants are given in Table 11 herewith. 
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Table 11.—Values or C ton Ftelet A Stearns Weib Formula 


»• loi 
H | 01 

0.2 

0.3 

0.4 ! O.S 

I 

0.6 

i 

0.7 

0.8 

0.9 

1.0 

c 1 3.3713.29! 

! 1 

3.21 3.16 3.11 


3.09! 3.12 

3.19 

3.36 


The correction for velocity of approach is not bo definite aa 

in the case of unsubmerged weirs, but is approximately given by 
y.t 

adding h, = , to H, V A k'ing the velocity of approach. The 

ig • 

complete formula then becomes; 

Q = CLVZ(H + h. + ~+) (30) 

If there are end contractions, change L to (L — 0.2/?). 

As an example, consider a submerged weir 10 ft. long, the 
water level upstream being 5 ft. above the weir crest, while 
the water level downstream is 3 ft. above the crest. Velocity of 
approach by measurement (float or meter) = 2 ft. per second. 

h, = = 0.0622 ft. 

64.4 

Hence, H + h v - 5.0622. Z - 5 - 3 - 2. 

H % 

H = g *= 0.6. Value of C corresponding to 0.6 iB 3.09. 

Q = 3.09 X 10 y/2 (5.0622 + - 286 cu. ft. sec. 

Ratio of Length to Depth.—For measuring weirs, to which the 
Francis formula is to be applied, the results will be more ac¬ 
curate if the ratio of length to depth is between 5 to 1 and 10 to 
1. Hence, for a Francis weir, with two end contractions, L 
should be between 1.6250* and 2.440* the corresponding 
depths, H, being, 0.325Q* and 0.2440* 

As an example, to fix the length of weir for a discharge of 
400 cu. ft. per second. 

0-400 

log 0 - log 400 - 2.6021. 
log Q* - | log 0 = 2 ' 602 5 1 X - 2 = 1.04081 

Number, whose log is 1.04084, is 10.98 
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Hence, 

0 M = 10.98 

and L must lie between 

10.98 X 1.625 = 17.84 ft., and 
10.98 X 2.44 = 26.8 ft. 

or practically, between 18 and 27 feet. 

If there are varying quantities of flow to be measured, and 
400 cu. ft. per second is the largest, then the shortest length erf 
weir should be adopted, because as the quantity of water is 
reduced, the ratio of length to depth is increased, and may, in 
certain cases, exceed the preferred limit of 10 to 1. 

Bazin’s Formula.—For most accurate determinations, with 
Bharp-crested weirs, they should be made without end con¬ 
tractions, by lining the sides of the channel with wood sheeting 
or concrete, for a distance back from the weir equal to about 
10//, then building the weir across from side to side. 

In this case Bazin's formula should be used which is 

Q = mLH\/2gH cu. ft. sec. (31) 

in which 

(o. W5 + »««)(, + 0 . S5 (_»_)) * 

p = height from bottom of channel to crest of weir. 

Qi = 8.025 Il^m cu. ft. sec. per foot length of weir. 

Bazin’s correction of // for velocity of approach is 

Hi = H + 1.68k (33) 

in which 

F* 

A ** 2 g’ V be ‘ n 8 t ^ le velocity of approach. 

The value of H, should be substituted for H in the preceding 
formula. 

Weir Contractions.—In order that the equations for discharge 
over weirs may apply with reasonable accuracy, the contractions 
must have oertain minimum values and these must be main¬ 
tained. The vertical distance from the bottom of the stream bed 
to the crest of the weir should, under no conditions, be less than 
1 ft. The best theoretical height is 3 H, though the readings will 
be well within the limits of good practice if this height is not lesB 
than H. Also, the distance from the side of the notch to the 
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adjacent bank of the stream, should be at least as great as H, 
and 2 H is a better value. These relationships are all indicated 
in Fig. 21. In very large weirs, these clearances are not usually 
practicable, nor are they so necessary as in small weirs. 

The side of the stream should not be constricted very close 
to the weir on the downstream side, as the nappe should be 
allowed room to expand until 


r 


it falls down to the level of 
the tail water. Fig. 21 will 
make this requirement clear. 

In silt-bearing, or rapidly 
moving streams, silt, sand or 
gravel will pile up in the stream 
bed and in this way suppress 
the contractions, either par¬ 
tially or completely, and there¬ 
by introduce errors in the de¬ 
termination of the stream flow. 

This should be prevented by 
keeping the bed cleared out on 
the upstream side of the weir, 
removing the deposits when¬ 
ever they reach a point less 
than II ft. distant from the 
weir crest. 

Practical Weir Construction. '-jj , , 

—Where large weirs are to !>e ■ elevation 

built, say to measure above no . 21,-Plan and elevation of weir 
300 cu. ft. per second, it is showing proper proportion*. . 
usually better to make them 

of concrete, using a thin steel inset to give sharp edges around 
the notch. Fig. 22 shows a design that has been used with 
satisfactory results. Such a weir is self-supporting, just as is a 
concrete dam. 



Small weirs may be constructed of planks and timber. Fig. 
23 shows in a general way, one of the approved methods of mak¬ 
ing a wooden weir. The weir must have a floor on the down¬ 
stream side to prevent erosion of the stream bed from the overfall 
and consequent settling of the whole structure. This is im¬ 
portant, as the crest must be maintained exactly level, and the 
whole weir must be exactly vertical. In order to prevent settling 
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of one side or the other, heavy stones should be sunk under the 
mud sills, as shown. The upstream mudsills and outer edges of 
the planking must be thoroughly puddled and all the joints must 



*“'• “• Concrete measuring weir with steel edges. 



becovered with canvas and tarred. Obviously, there must be 
aDsolutely no leakage. 

The water pressure tending to slide the whole structure down- 
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stream, and the moment to overturn the weir, can easily be 
computed by the formula given in the chapter on “Dams.” 
The bracing, thickness of planking, and all dimensions and dis¬ 
position of the timbers, must be fixed to resist these forces, and 
further, there must not be any appreciable deflection, either in 
the downstream direction or in the plane of the floor. 

A sharp-edged weir is an accurate, water-measuring instru¬ 
ment, and it must be constructed with great care and in ac¬ 
cordance with the requirements in making any other measuring 
apparatus. 

Trapezoidal (Clppoletti) Weirs.— TIub form of weir is shown 
in Fig. 24, which also gives the relationship of the slope of the 
sides to depth of water. It is used principally for measuring 
small quantities of water, say up to SO cu. ft. per second, but 



is seldom used for the large quantities of water generally en¬ 
countered in water-power engineering. 

The general formula for discharge through any trapezoidal 
weir is seldom used as it requires the determination of several 
constants. The specific form, shown in Fig. 24 and which was 
devised by the Italian engineer, Cippoletti, has the inclination 
of its sides such that the increase in the length with increase 
in H, just compensates for the correction factor for contraction 
in the Francis formula. The slope of the sides is one in four, as 
indicated. Hence, with a Cippoletti weir there is no correction 
for contraction. 

Cippoletti’s experiments showed that 

Q == 3.367 cu. ft. per second (34) 

L ■= width at weir crest, in feet. 

Tr i a n gu l a r Weirs.—These are used almost exclusively for 
measuring small quantities of water in laboratories. Fig. 25 
shows a weir of this kind. The formula for discharge over them is 
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Q = 1.27L// m eu. ft. per second (35) 

L = length, at water level, in feet. 

If the angle, <t> is made 90°, then L = 2 H, and the formula for 
this specific condition becomes, 

Q = 2MH h cu. ft. per second (36) 

Both the foregoing formula neglect velocity of approach. 
Orifices.—The complete theory of flow of water through orifices 
is not pertinent to the subject of development of water pqwers. 
The only three cases that are of importance here are: 

(1) Efflux through sluice gates. 

(2) Flow through penstock intakes. 

(3) Efflux through nozzles or guide vanes of water wheels. 



Fio. 26.—Sharp edged orifices and path of jet. 


In general, the efflux through an orifice having a given area 
and under a constant head will differ with different forms of 
orifices. Theoretically, the velocity through any orifice will be 
V ■* 'Vfy/t, but this theoretical value of V is seldom attained. 

One reason why the actual velocity of the jet is less than the 
theoretical, is that a small portion of the head is used up in the 
internal friction of the mass of water due to the converging of 
the stream lines from various parts of the mass to the opening, 
which loss of head does not appear as velocity, but is totally 
dissipated. Other reasons are, the friction of flow through the 
orifice, and the contraction of the cross-section of the jet. 

If the edges of an orifice be made sharp, as in Fig. 26, the 
velocity is 0.97 of the theoretical. 

As the jet acquires the velocity due to the head forcing it 
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through the orifice, it contracts in cross-section, so that the area 
of the jet becomes only 0.63 of the area of the orifioe. 

The discharge through the orifice being the product of velocity 
by area, the quantity of flow becomes 

Q - 0.97 VV* X 0.634 - 0.614 \2gh (37) 


in which 4 = area of the orifice in square feet. 

In other words, the actual discharge through a thin-edged 
orifice is 61 per cent, of the theoretical discharge. 


The general form of equation 
a constant, and in the foregoing 
case, is equal to 0.61. 

For other forms of openings 
the coefficient, C„ C„ and their 
product, C,C, = C, are given 
in Fig. 27. 

Formula 37 is for small orifices 
in-a horizontal plane in which 
the pressure, due to the head, 
is the same at every point in the 
periphery of the orifice. 

Where the hole is in a vcrti- 


is, q - ca yfah, in which C is 



cal plane, and rectangular in 
form, the quantity discharged 
per second is, 

Q = % Cl X 8.02(A, M - A, M ) 

- 5.347C2(A, H - h H ) (38) 
2 being the length of the 
opening. 

hi being the head to the top 
of the opening. 



Fia. 27. —Tube ends of various 
forms with corresponding discharge 
coefficients. 


At being the head to the bottom of the opening. 


This formula is derived as follows: 


In Fig. 26, hi — head on upper edge of orifice while At is the 
head on the lower edge, and 2 = width of hole. Call h the head 
on any horizontal element of the orifice such as dh. Then the 
velocity of efflux through the elementary area Idh will be F, ■» 
\lfyh. The discharge being- the product of velocity of flow by 
area of orifice, the differential flow dQ through differential area dh 
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is ^2gxl dh. The greatest value of ft is ft 2 , and the smallest is A,, 
Hence the limits of integration are hi and h t . 

f dQ = f ^gxldh = iVtyJ^Vdft- 

= l\2g X %(h? - A,*) = 5.3471 (A,* - ft,*) 

This is, however, the theoretical efflux through the orifice, 
and, as has been shown, the theoretical value must be multiplied 
by a correction factor, C, so that the equation becomes 

Q = 5.347CI(A, h - ft,*) (38) 

C being as given in Fig. 27. , 

If the orifice in the side of the vessel be circular instead 
of rectangular, an approximate formula for discharge is 
Q <* 6.298d’ yjh cu. ft. per second, 
in which, 

d = diameter of hole, in feet, 

A = head to center of hole, in feet. 

For sluice gates, the coefficient is usually considered as from 
0.61 to 0.8, depending on various conditions. The experiments 
of Benton (Punjab Irrigation Branch Papers No. 8) indicate 
the following values of the coefficient C. 

Tabu 12. —Coefficients C fok Vahious Widths of Sluice Gates 

Width of gate, ft, 4 6 8 10 

C - 0.748 0.763 0.779 0.795 

From these values, it would appear that the larger the orifice 
the higher will the value of C become. 

This view is confirmed by HerschePs experiments at the Tre- 
mont mills, Lowell, Mass., in which he found that for a gate 
9 ft. wide by 4 ft. high, submerged on both sides, the coefficients 
were 

Table 13 


For a 3-f t. net head. 0.954 

For a 4-ft. net head. 0.943 

For a 5-ft. net head. 0.915 


The formula for discharge through sluice gates is the same as 
that for vertical orifices, namely, formula (38). 

When a vertical orifice, or sluice gate, has both sides of the 
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opening completely submeiwd as in Fig. 28, the effective head ia 
simply the difference in healvbetween the two bodies of water, 
and indicated by "Hd in the drawing. In this case the formula 
becomes 

Q - CA y/WH* (39) 

in which C = constant given in Tables 12 and 13. 

When sluice gates, unsubmerged on the downstream side, are 
set inclined to the vertical as indicated in Fig. 29, the formula for 
discharge is the same as that for vertical gates except that H , 
and Hi are measured vertically to the upper and lower edges of 
the gate, as shown. 




Fio. 29.—Inclined sluice 
gate. 


Path of a Horizontal Jet.—Since a mass of water having an 
initial horizontal velocity, moves downward also, by the action 
of gravity, the combined motion of the two sets of forces cause 
the water to follow a curved path as in Fig. 26. 

The equation of this curve is, 

.-5 

in which 

h ■» head acting on the water at the center of the orifice. 
This equation is derived as follows: 

The horizontal velocity, v of the water *» ^fegh. In the 
time i sec., the water will travel horizontally vt ft. — X. 
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During the time t , the water will be falling vertically with a 
uniformly accelerated velocity, F = yj2gy. 

The average vertical velocity is the average of the initial and 
the final velocity. The initial vertical velocity v being *ero, 
the average velocity is V „- 
Hence, 

Vt 


whence, 


V = 

V 1 = 2gy = 2 

V — gt 

t I 

V = 2 gl = 2 gt'. 


Also from equation X = vt 
From equation y =* l gt‘ 

t 

Equating these values of t, 

X -> 

v Mg 


V 




and 


X* _ 2 y 


y = 


x 2 

4A 


(40) 


Substituting for n 2 its value 2gh 

XJ _ 2 y 

2gh g and 

which is the equation of a parabola with its vertex at the orifice 
and having a vertical axis. ’ 

Pipe Intakes.—-In the case of penstock intakes, the conditions 

tTbe oont OWn / n ,g ‘ 3 °- The Water rushk K “to the endof'the 
r m 1 . 0r088 ' 8ectioD ' ginning at the end of the tube 
dlstance e( 5 ual t0 approximately the diameter of 

The unfilled space in the tube at this point is a partial vacuum 

*" tapped int0 the Peneteek, so that it projects 
vertmally down to a vessel of water, and with its lower endiub- 
merged, the water will be sucked up by the partial vacuum at tlw 
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vena contract, as indicated in the figure, the rise of the water, 
above the surface of the liquid in the vessel being, approximately, 
0.75 H, where H is the head acting on the center of the penstock 
orifice. Of course, this relation can hold only up to H - 44 ft 
The coefficients of discharge through the ends of the pipe de¬ 
pend on the shape and arrangement of the ends with reference to 
the reservoir walls. Fig. 27 shows the coefficients usually em¬ 
ployed in making computations. For want of better data they 
may be used, but the author is of the opinion that the coefficients 



for straight-ended tubes should be higher than those in use. Ap¬ 
parently, all experiments to determine orifice coefficients were 
made on small pipes or openings, and it seems obvious that the 
coefficients should increase with the size of the orifice. (See, 
“Entry Head,” Chap. VI). 

Efflux from Nozzles.—A nozzle, having a smooth, tapered 
interior cross-section, will have a coefficient of discharge equal 
to nearly unity, and may be taken as - 1 without introducing 
an error greater than 2 per cent. The average coefficient 
is 0.99. 



CHAPTER IV 


POWER VARIATION AND STORAGE 

Hydrogrqphs are simply graphical representations of stream 
flow drawn to horizontal and vertical coordinates, the vertical 
height, or ordinate, at any point, representing the cubic feet per 
second flow, while the horizontal position of any chosen point, or 
abscissa, corresponds with the date on which the stream flow as 
given by the ordinate was recorded. They are customarily, 
though not necessarily, drawn to include one calender year 
each. 

Figure 31 is a hydrograph of the Colorado River at Austin, 
Tex., for the year 1908. ' For any date given on the lower hori¬ 
zontal line, there is a certain vertical distance to the line of the 
hydrograph, which, to the vertical scale, represents the flow 
on that date. Thus, on Aug. 31, the flow was 760 cu. ft. per 
second. On Sept. 20 the flow was 5950 cu. ft. per second. 
The minimum flow occurred on Apr. 10 and was 180 cu. ft. per 
second. The maximum flow was 72,600 cu. ft. pe^second, on 
Apr. 21. 

If the records of flow and its variation are made at some point 
on the stream distant from the power site, the necessity for 
computations to determine the rate of flow at the power house is 
obviated by the use of a double scale hydrograph, as shown in 
Fig. 32. 

Plot the hydrograph with ordinates giving rates of flow as re¬ 
corded at the gauging station and re-number the vertical distances, 
thereby changing the values of the ordinates, so that the ratio 
between the original numbering and the changed values is the 
same as the ratio of the drainage area at the proposed power 
site to that at the gauging station. With these changed values of 
the ordinates, the curve becomes a hydrograph for the power 
ate. Thus, Fig. 32, with the values of the ordinates on the 
left-hand side of the figure, is a hydrograph plotted from the 
records of flow of the Juniata River at the U. S. Government 
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Gauging Station at Newport, Pa. The drainage area to this 
point is 3476 sq. miles. 

At the power site at Warriors Ridge, Pa., the drainage, area is 


nbcharo In Cu.Pt, mr Sue. 



Fio. 31.—Hydrograph of Colorado River at Austin Texas. 


759 sq. miles. Ratio of area at gauging station to that at War¬ 
riors Ridge is 0.219. Multiplying the values of the vertical dis¬ 
tances by this ratio, the values placed on the right-hand side of 
the figure are obtained, and using the right-hand vertical and 
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bottom- horizontal values; the figure becomes a hydrograph for 
Warriors Ridge. Thus, on Aug. 12, the stream flow at the 


Oa.Ft.por See. - For Drainage Ana of MH Bq.MIIch 



roc pralnaee Ana of M &,.lliiea 


■Oran Rone Poaor-WFLBaad 

Fiq . 32.—Hydrograph of Juniata River. 


^u»ng station was 1150 cu. ft. while at Warriors Ridge it 

Zwas ir'^tr^ ^ maXimUm fl ° W at the P° wer 
sue was 17,600 and the minimum was 54.8 eu. ft., per second. 
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This method of computation is not accurate, as local rams 
above one of the selected points, but below the other one would 
change the ratio of the respective stream discharges. It is, 
however, the nearest guide to the determination of the actual 
flow at the power site and is the only basis available to settle the 
question of minimum power. 

Another series of figures is shown on the hydrograph, Fig. 
32, and marked “HP Gross.” The head, H, at the power site 
is 28 ft. Then for each cubic foot flow per second the gross horse- 
28 

power = g g = 3.182. Multiplying the vertical figures by 3.182, 

the horsepower for any rate of flow of the stream is given and the 
hydrograph becomes a horsepower curve. Thus, on Aug. 12 
the gross power of the stream at the power site was 802 hp. 
The minimum power was 174 hp. gross, and occurred on Dec. 1. 

From this discussion, the importance of the hydrograph in 
studying water powers becomes evident. 

Usually, there is a storage basin formed by the dam and, if 
this basin is of considerable area, it is evident that a greater 
amount of water may be used during the periods of minimum 
flow than is actually supplied by the stream during these periods. 
The excess is abstracted from the stored water in the storage 
basin, which diminished storage is replenished when the rate of 
stream flow exceeds the rate at which the water is used for power. 
When this condition exists, the hydrograph is mainly useful in 
furnishing data from which to compute a mass curve (also called 
Rippl curve) which is later fully explained. Before entering 
into the discussion of storage and the mass curve, it is neces¬ 
sary to define the term "load factor” and explain its relation to 
storage and the rate of usage of water for power supply. 

Load Factor. —The consumption and production of power 
differ, essentially, from the consumption and production of any 
other commodity in that these two functions are simultaneous, 
and the quantity of power used, in any instant, is subject to the 
will and control of the various users of it and is not, in any way, 
under the control of the producer. At any instant, the amount 
of power produced must be exactly equal to the power consump¬ 
tion at that instant. This means that the output of any plant is 
subject to wide fluctuations, and, as is well known, the amount 
of power delivered throughout the 24 hr. of the day varies greatly 
from time to time; also, the amount of power for any given period 
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in the 24 hr. varies with the time of the year and with the day 
of the week. Therefore, in any power development,, the only 
limiting characteristic of the plant is the maximum possible out¬ 
put, beyond which the plant is not capable of delivering energy. 
Throughout each hour of the day and the seasons of the year, 
the output will fluctuate, assuming various values that lie some¬ 
where below this maximum possible output for which the equip¬ 
ment has been installed. 

The load factor is defined as the ratio of the average to the 
maximum load. The daily load factor is the ratio of the average 
load to the maximum load for one day, while the yearly load fac- 


Maximum Load 



tor is the ratio of the average load for the year to the maximum 
load that occurred during the year. 

It is usual to express the load factor as a percentage of the 
maximum load. 

Obviously, the investment in generating apparatus, power 
house, transformers, transmission line and accessories is fixed 
by the maximum output. This equipment, however, does not 
run continuously at its full capacity, as has been explained. 
If a plant should be operated continuously throughout every 
hour in the year at a full-load output, the power station would 
have a 100 per cent, load factor. Fig. 33 is a curve which shows 
the variation in load in a power plant for 24 hr. The ordinates 
represent, to scale, kilowatts output, while the abscissa repre¬ 
sent the various hours in the day. The height of any point of 
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the curve, at any time, shows the load on the plant at that par¬ 
ticular time. It will be observed that about one o’cloek pjn. 
the load reached its minimum, being 1480 kw., while at 7®) 
p.m. the load reached its maximum of 6000 kw. The average 
load throughout the day was 2580 kw. The ratio of the average 
to the maximum is therefore as 2580 is to 6000 and the average 
load is 43 per cent, of the maximum; hence, the load factor for 
this particular day was 43 per cent. 

The production of a horsepower for 1 hr. is called a horsepower- 
hour. A horsepower delivered for 10 hr. is 10 hp.-hr.; 10 hp. 
delivered for 1 hr. is also equal to 10 hp.-hr., that is, the pro¬ 
duction of horsepower by the time in hours through which 
the power is delivered, is the number of horsepower-hours that 
are supplied during this period. All energy is measured and sold 
on the basis of horsepower- or kilowatt-hours, a kilowatt being 
IX hp. 

The usual way of determining the average load from a load 
curve, is to find the area included between the curve and the 
base line or X axis, and divide this area by the length of the 
measured diagram on X, the quotient being the desired average 
value; just as in the case of indicator cards or other figures having 
variable ordinates. 

The usual load factors of plants are: 

Tahi.k 14 

LOAD FACTORS 


4 Per e«nt. 

Lighting plants. 26 to 40 

Mixed service lighting and power. 30 to 45 

Large power distribution plants. 40 to 55 . 


Diversity Factor.—There is another factor which enters into 
the subject of station output and size of equipment, and this is 
called the diversity factor. If a power plant has a possible 
maximum output of 10,000 kw., it may easily sell power to users 
to such an extent that there will be 20,000 kw. connected to, and 
dependent on, the power station. Obviously, the plant could 
not supply all these users simultaneously, but it is a matter of 
experience that the various consumers of power never use their 
respective maxima at the same time. Owing to this diversity of 
use, a plant cannot obtain full benefit of its entire equipment at 
the time of the peak, or maximum load, unless the motors, lamps 
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and other devices, which are connected to the transmission lines, 
have a total rated capacity in excess of the maximum station 
capacity. This excess ranges from 50 to 100 per cent, of the 
maximum station capacity. 

The ratio of the maximum connected load to the maximum 
station output is called the “diversity factor” and it ranges 
from 1.5 to 2. 


Storage.—From the discussions of “Load Factor,” and “Diver¬ 
sity Factor,” it Incomes clear that the amount of water required 
for the production of power in any hydro-electric power station, 
varies greatly throughout each day, and also, with the seasons of 
the year. From this, the necessity of water storage is obvious. 
A stream which supplies a sufficient amount of water to produce 
the average load throughout the day might be totally inadequate 
for the production of the maximum load. With a storage basin 
of sufficient capacity, the water furnished by the stream 
which is in excess of the amount required to deliver the 
necessary power, during those hours of the day when the load is , 
small, can be stored, and the stored water, together with the 
normal stream flow, will be sufficient to produce the power 
required during the hours of heavy load. 

If the power output lie based on that produced by the minimum 
flow of the river, the area of the storage basin to equalize the 24- 
hr. load need be only great enough to hold all the water that the 
stream supplies during those hours of the day when the load is 
less than the average, minus the quantity of water drawn through 
the water wheels during this period of light load; that is the 
amount of water stored during the hours of light load is equal to 
the difference between the quantity furnished by the stream and 
that passed through the water wheels. 

Thus, in Fig. 33, the line drawn horizontally across the curve of 
station output and showing the average continuous load is at 
an elevation which represents the amount of power that 
the minimum continuous stream flow will produce. Where 
the load curve is below this value, the incoming water exceeds 
that necessary to supply the required energy to the water wheels 
and is stored in the basin. Where the load curve is above the 
line representing the power produced by the continuous stream 
•flow, the amount of water delivered to the water wheels exceeds 
the stream flow, and the additional water is supplied from the 
amount previously stored in the basin when the load was small 
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Obviously, the total 24-hr. energy output cannot exceed the total 
24-hr. energy input of the stream. 

The term “area" has been used in defining the size of the 
storage basin, although the production of power depends on the 
volume of water used. However, the entire amount of water 
in a storage lake cannot be drawn through the water wheels. 
The head, H, acting on the wheels is fixed by the level of the water 
in the lake. As the storage water is drawn off the lake level falls, 
thus diminishing the head. Ii is not feasible to lower the lake 
level to a point below which the reduction in head is 25 per cent, 
of the normal head. Hence, the upper layer of water in the lake, 
having a thickness equal to 25 per cent, of the normal head, is 
that useful for power production. The effective volume of water 
is the mean value of the areas of the lake at normal level and 
minimum level, multiplied by one-fourth the normal head or 


U = 


A' + A" 
2 



(41) 


in which 

V = volume of water in storage lake available for power in 
cubic feet. 

A' = area of lake at normal elevation. 

A" = area of lake at elevation = 75 per cent, of normal head. 
H = head in feet with water at normal elevation. 


This equation assumes a straight line slope of the banks of 
the storage basin, which is never strictly true. It is, however, 
sufficiently accurate for all practical purposes. 

In computing the amount of power which may be delivered 
from a storage basin, the following formula is useful: 

Horsepower-hours, gross, = 8.8 = 31,680 (42) 


in which U is available cubic feet of stored water and H„ the 
average head in feet. 

Referring again to Fig. 33, the average energy input due to 
stream flow is 2580 kw. and the daily energy input is 24 X 2580 
= 61,920 kw.-hr. daily. 

If the normal head is 28 ft., each cubic foot of water, per 
28 

second, gives gg * 1.7857 kw. delivered by the generators,, 
(equation (8)). 
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To produce 2580 kw., the required rate of flow is ffgjyj m 

1444 cu. ft., per second, at 28-ft. head. The head, however, is 
diminished as the level of the lake sinks. If the lowest lake 
H 28 

level is 4 = 4 = 7 ft. lower than the normal level, the average 
28 + 21 

head will be, approximately, —^ = 24.5 ft. for the period 


during which the draft on the reservoir exceeds the rate at which 
water flows into the lake. The kilowatts per cubic foot, per 
24.5 

second, at this head = jg~gg = 1.562 kw. The quantity of 

2580 

water required at this head to produce 2580 kw. is j gg 2 = 1651 

cu. ft. per second which is the required average flow. 

From 5.30 p.m. until 12.15 a.m. of the next day—a period of 
6.75 hr.—the total station output is 29,520 kw.-hr., correspond- 
29,520 

ing to an average of ,g ^5 = 4373 kw. This output corre- 
4373 

sponds to -j = 2800 cu. ft. |ht second, at 24.5-ft. head. 


Total water to be stored daily = (2800 — 1651) X 6.75 X 
3600 - 27,920,600 cu. ft. 


28 

The depth of water available from storage is ^=7 ft. 


From formula (41), 


A' + A" 27,920,600 

2 ~ 7 ~ = 3,988,700 sq. ft.; 


that is, the average area of the lake, taken between its upper and 
lowest levels, must be about 92 acres. All this is simply an 
approximation, as the average head throughout the day may 
differ from that herein assumed as the mean of the upper and 
lower values. The more correct method is given hereinafter. 

Also, this example illustrates the condition of a storage res¬ 
ervoir only large enough to equalize the daily or 24-hr. load. 
When the lake is large enough to equalize the 24-hr. load and also 
to furnish some additional water during periods of drouth, so 
that the power produced during such periods of a month, or 
more, may exceed that due to the stream flow during that time, 
the problem becomes more complicated and the use of mass 
curves is resorted to. 

Mass Curves.—A mass curve is one in which the horizontal 
distances, or abscissae, represent time and the vertical distances, or 
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ordinates, represent total quantities of water that the stream has 
delivered within the time represented by the horisontal distances. 
Unlike the hydrograph, it is not a curve that shows, directly, the 
rates of flow. It shows the rate of flow bnly indirectly. Its direct 
indication is the cumulative quantity of water that has passed 
down a stream within a given period of time. 



a a s s s it 9 i s a s 


Wmci 

Fio. 34.—Mass curve of Colorado River at Austin, Texas. 

Figure 34 shows a mass curve taken of the Colorado River 
for the year of 1908 and part of 1909. Beginning on Jan. 1, 
1908, the amount of water that passed down the river at the in¬ 
stant of beginning the curve was zero. The rate of flow for Jan. 
1, as shown by the hydrograph, was 543 cu. ft. per second. Since 
there arc 86,400 sec. in a day, the total amount of water which 
flowed from Jan. 1 to Jan. 2 was 543 X 86,400 - 46,915,200 
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eu. It. Hence, the ordinate of the point on the curve for 
Jan. 2 is 46,915,200. On Jan. 2, the rate of flow was 530 cu. 
ft. per second and the total flow for Jan. 2 = 530 X 86,400 = 
45,792,000 cu. ft. Adding this to the amount that flowed in 
Jan. 1, the sum, 92,707,200, is the total quantity that passed 
down the stream in the 2 days, and the ordinate on the point 
for Jan. 3 is this total of 92,707,200. Proceeding in this way, 
the total mass curve is plotted. 

Since mass curves are needed only for investigations where a 
large storage lake is contemplated, it is unnecessary to go through 
the tedious process of computations for the flow each day. The 
average of the flow for a week is quite sufficient for each point 
on the curve and, in the case of very large storage lakes, the 
use of the average of the flow for a month to determine points 
on the curve gives results that are accurate enough for any power 
determinations. 

The greater the rate of flow, the higher will be the correspond¬ 
ing points of the curve and therefore, the steeper the curve. 
Hence, the slope of the curve at any point givcB the rate of flow. 
This slope is identical with that of the tangent to the curve at 
that point and is equal, numerically, to the quantity in cubic 
feet shown by the vertical scale at the point taken, divided by the 
time in seconds, as shown on the horizontal scale, and included 
between a vertical lino dropped from the point on the curve to 
the horizontal scale and a line tangent to the curve at that point, 
prolonged to intersect the horizontal scale. Thus, in Fig. 34, 
at the point K, the total quantity of water is 4,200 million 
=42X10® cu. ft. Dropping a vertical line KL to the horizontal 
scale and drawing the line K tangent to the curve at K, and 
prolonged to intersect the horizontal scale at M, the distance 
included between L and M represents 46.9 days, which is equal 
to 4,052,160 sec. Dividing the total cubic feet of water by this 
time in seconds, the result is 1037, which is the rate of flow, 
in cubic feet per second, at which water was being supplied by 
the stream on the date shown on the horizontal scale at point L, 
namely, Mar. 13, 1908. 

If, at any time, the rate at which water is used is equal to the 
rate of stream flow, the slope of the mass curve will be the same 
as the slope of the line representing the rate of draft for that 
particular period. 

If the rate at which the water is used is greater or less than the 
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rate of stream flow, the slope of the line representing the use of 
water will be greater or less than that of the curve. 

Since the use of water is limited in rate and quantity, by the 
minimum stream flow, those portions of the masB curve with 
the least slope are the points which are used in the determination 
of available water. 

Without any storage greater than that sufficient to equalise 
the 24-hr. load, the average rate at which water may be drawn 
through the water wheels is equal to the minimum stream flow, 
and the slope of the line of draft simply coincides with the slope 
of that part of the curve where its slope is least. With larger 
storage, however, the average rate of draft through the water 
wheels exceeds the rate of stream flow by an amount which is 
computed from the curve. If the normal head of water is 60 ft., 
and the allowable reduction in head due to draft on the reser¬ 
voir, is 25 per cent, or 15 ft., and the area of the storage reser¬ 
voir is such that the upper 15-ft. layer of water has a volume 
of U cu. ft., this volume of water is represented by a certain 
length on the vertical scale of the mass curve. 

If the point where the minimum slope of the curve begins be 
taken as one point, the point where the minimum slope ends be 
taken as another point, a vertical be erected on this second point 
and extending above it a distance equal to U cu. ft. to the same 
scale as that of the curve, and a straight line be drawn from 
the first point through the extreme upper end of the vertical, 
then the slope of this line will represent maximum average 
draft through the water wheels that the stream flow plus storage 
can supply. 

The prolongation of the line until it intersects the mass .curve 
in some other point shows the date of refilling the reservoir. 

In Fig. 35 is plotted an enlarged portion of the mass curve 
shown in Fig. 34. 

The periods of lowest flow of the river, namely, from Jan. 
7, 1609, to Apr. 28, 1909, are included in this figure. The 
average area of the reservoir between the normal level and the 
lowest allowable level is 68,866,666 sq. ft. The depth of draft 
is 15 ft. Consequently, the available volume of water in the 
upper 15-ft. layer is 1,033,000,000 cu. ft. 

The lowest rate of flow, as indicated by the slope of the 
curve, Fig. 35, began on Jan. 7, 1909, and ended Apr. 28, 1909, 
after which the rate of flow increased rapidly. 
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Erecting a vertical on the curve at the end of this portion 
of minimum rate of flow, and making the height of' this per¬ 
pendicular equal to 1,033,000,000 cu. ft. by the scale of the 
curve, the point G is located. 

Drawing a straight line from point A through point G and 
prolonging it until this line cuts the curve at point B, the following 
facts are ascertained: 



I'M! 

Upper Set of Figure* liefer* to Week* for whole Men Curve 
Lower ...» „ *»»,.« this Portion of Mow Ourre 

Fig. 35. 

1. The rate at which water may be used, during the period of 
lowest water, is 3,445,000,000 cu. ft. in 112 days, which is an 
average of 356 cu. ft. per second. 

2. The draft on the reservoir began on Jan. 1. 

3. The maximum depth of draft was reached on Apr. 28. 

4. After Apr. 28, the water flowing into the storage lake ex¬ 
ceeded that used and the lake began to refill from that time on. 

5. The reservoir was again full and the normal level of the lake 
restored on May 17,1909. 

The drop in the level of the water in the reservoir is indicated 
by the height of the line of draft above the curve at any point, 
and is equal to the normal level less the drop in level as found 
from the curve. 
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6 The vertical distance from the curve to the draft line rep- 
resents a certain known quantity of water drawn from the 
reservoir, which draft causes a known drop in the elevation of the 
water level in the lake. If the length of the vertical line from 
the curve to the draft line, at the point where the maximum 
draft is indicated, be given a scalar value, the height of the line 
from the curve to the draft line at any other point will show the 
drop in the lake level to this same scale. For instance, in the 
example just given the maximum draft on the reservoir results 
in a drop in level of 15 ft. Making the length of the vertical 
line CG = 15 ft., it is found that the length of the line HI, to 
the same scale, is 5 ft. 

7. The average head for the period during which the level of 
the lake was below the normal can be determined by taking a 
series of points, equidistant horizontally, and determining the 
net head at each of these points, as indicated in paragraph (6). 
The average of these is the average head. Where the line of draft 
and the elements of the curve form the boundaries of a triangle, 
this computation is unnecessary. The average head in that 
case is the average of the normal and the minimum heads. 
In the case where that portion of the mass curve below the draft 
line is made up of several broken lines or curves, and the area 
lying between the draft line and the curve is not a simple triangle, 
the average head must be computed either by the method in¬ 
dicated, or measurement of the area between curve and draft 
line. Thus in Fig. 35, there are eight equidistant points 
taken and the average of the ordinates drawn through these 
points is 7.59 ft., which is the average reduction in head below 
normal. Hence, the average head, during the period of draft on 
the stored water, is equal to the normal value of 60 ft. minus 
7.59, or 52.41 ft. 

If the area ABC be taken by planimeter, or by counting 
cross-section squares, or by any other method, and divided by 
the horizontal length AJ, the result will be the average vertical 
height of the figure and, therefore, the average reduction in 
head. 

8. With the average rate of flow, as given in paragraph (1), 
and the average head, as given in paragraph (7), the average 
continuous power output of the power site can be computed. 
Horsepower available throughout the period «* H„ s . X <?«*■ X 
0.1135, gross. The actual daily draft will not be the average 
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except on the one day when the actual head is equal to the average* 
head. At the beginning of draft on the reservoir, the amount of 
water required for the production of the average power will be 
less than the average draft during the period when the level of 
the water in the reservoir is being lowered, and the rate of draft 
will gradually increase, being a maximum when the water in the 
reservoir is lowest. 

The rate of draft for any decrease in elevation of the lake level is 

Q Qavo X Hava ' / .o\ 

1 ~ (H -d) { ) 

in which 

Qi = rate of draft at any time, in cubic feet per second. 

Q„, = average rate of draft as found from mass curve. 

H ■= normal head when lake is full, in feet. 
d = drop in lake level below normal head H, in feet. 

H„, - average head as found from mass curve. 

Obviously, the total daily kilowatt-hours can be distributed 
over any load factor, as the volume of stored water is many times 
greater than that necessary to equalize the 24-hr. load. 

It is clear that the mass curve may be used in a manner con¬ 
verse to the preceding, that is, the required area of storage 
lake to deliver a given quantity of water during the period of low 
water, may be computed from it. 

Beginning at any point on the curve where the slope decreases 
to less than the slope of the draft line, the maximum vertical 
ordinate, from the draft line to the curve will give, to scale, the 
total volume of water required to augment the stream flow. 
Dividing this volume by the depth of the allowable draft— 
usually 25 per cent, of the head—the result is the average area 
of the' storage lake, taken between the normal and minimum 
levels. 

Reduced Head Due to Floods. —During floods, the water below 
the dam—or “tail water”—rises until it is elevated consider¬ 
ably above its normal level. At the same time, the thickness 
of water over the crest of the dam increases, raising the lake 
level. The increase in the elevation of the tail-water level is 
considerably greater than the increase in elevation of the lake 
level, so that the net head diminishes with increase of water in 
the stream. For a complete investigation of the change in head, 
curves may be plotted, one showing the variation in lake level, 
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the other the cfiange in tail-water level for v&riouB values of 
discharge up to that of the maximum flood. The two curves ' 
should be plotted on the same sheet, and the ordinate extending 
from the lower, or tail-water curve, to the upper, or lake-level 
curve, represents the net head, to scale. This is, however, some¬ 
what academic. The only information needed in practice is the 
net head at the time of maximum flood. The generating equip¬ 
ment must be designed to meet this extreme condition, and if it 
does, it will certainly operate satisfactorily during water stages 
lower than the maximum. The question of efficiency does not 
enter into the problem. This is important only for water stages 
in which the flow equals, or is less than, the quantity required for 
power purposes, as is later discussed more fully. 

Evaporation.—In computing available amounts of storage, it 
is customary to consider the evaporation from the surface of the 
storage lake. The Bulletins of the United States Geological 
Survey give data which show the average evaporation from 
water surfaces for different periods of the year and in different 
sections of the United States. As a matter of fact, the introduc¬ 
tion of evaporation into storage computations of water-power 
developments is an unnecessary refinement because the cycles of 
high and low water and the quantity of water supplied by the 
stream during these periods never repeat themselves, and to 
attempt the introduction of accuracy into a problem which is 
fundamentally an approximation, does not produce results which 
are any nearer the truth than the approximations themselves. 

For the use of engineers who desire to compute the effect of 
evaporation on the available storage, the following table is 
supplied, which is an average for those parts of the United States 
in which the rainfall is from 48 to 52 in. per annum. 

Table 15.—Monthly Evaporation in Incheb Depth prom Water 
Surfaces. Averaoes por 50-in. Total per Annum 



Inches 


Inobw 

January. 

. 1.25 

July. 

.... 7.64 

Februarv 

.... 1.34 

August. 

.... 7.00 

March. 

. 2.16 

Septemlier... . 

.... 6.24 

April . 

.3.80 

October. 

.... 4.02 

May. 

. 6.70 

November. 

.... 2.87 

June. 

. 7.05 

December. 

.... 1.93 


For special conditions of hot, dry sections of country, the reader 
is referred to the Bulletins of the United States Geological 

Survey. 

s 
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Surrey of Stonge Basin.—After the fall and height of dam 
have been determined, a survey should be made to locate the 
contour which indicates the boundary of the lake that will be 
formed when the dam is built. This contour is simply the 
level line beginning at one end of the dam and at the elevation 
of its crest, following along up the stream until the contour 
strikes into and crosses the stream bed, then returning down¬ 
stream until it finally ends at the other end of the dam. Several 
other contours should be run at different elevations. There 
should be one above this first-named contour and at an elevation 
above it equal to the height of the water surface with the maxi¬ 
mum flood passing over the spillway crest. There should be 
another contour made below the first-named contour at an eleva¬ 
tion about one-fourth the head below the lake level contour for 
the purpose of determining the storage volume. The area in¬ 
cluded in the first contour gives the value of A' and the area 
in the lower contour gives the value of A" for formula (41). 

Figure 36 shows a survey of a water-power site on the Saluda 
River near Columbia, S. C. It will be observed that a number 
of contours have been run in order to determine the most eco¬ 
nomical development to be made. The higher the dam, the 
greater will be its cost and the greater the area of the over¬ 
flowed lands which must be purchased, but this increase in height 
and area of storage lake gives a corresponding increase in power. 
Therefore, for preliminary investigations and in order to study 
carefully the general conditions for making the development 
which will give the lowest cost per horsepower of delivered output, 
a number of contours arc advisable. 

In making the survey for contours, stadia measurements are 
quite accurate enough for determining distances, and with a 
good theodolite, having its telescope clamped level so that it can 
be used as a level and also turned about the vertical axis to in¬ 
dicate the angular measurements, contours can be rapidly and 
cheaply run. 



CHAPTER V 


ARTIFICIAL WATER-WAYS 

Under the classification “artificial water-ways” are comprised 
canals, flumes and tunnels. 

Canals. —The laws governing the stream flow for given slope 
and hydraulic radius, as set forth in Chap. II, apply equally 
to canals, except that in artificial water-ways the bed and sides 
are usually made smooth so that the coefficient, C, is smaller 
than in the case of natural water courses. Also, the hydraulic 
radius, r, is usually larger for canals, so that the required slope for 
a given velocity of water is less than for natural streams. 

In excavating a canal there must be a slope to the sides, as 
indicated in Fig. 37. 



It is easier and cheaper to excavate solid rock in this way, 
even though there is no necessity for sloping the sides other 
than ease of moving the material. Where the canal is cut in 
earth, a slope must be made at an angle which is slightly greater 
than the angle of repose of the material through which the cut 
is made. 

The usual limiting steepness of slope, i.e., the limiting ratio 
which the side makes with a horizontal line is 1:1 J4- This means 

that the tangent of the angle 4 BE, or <f>, is j = 0.8, which 

corresponds to approximately 38°. 

There is some economical section which, for fixed slope of 
material excavated and area of cross-section, gives the maximum 
hydraulic radius and, hence, the maximum flow of water with a 
given loss of head. 
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The formula for the relationship of the widths of top and 
bottom to the depth, for a given area of croes-eection and maxi¬ 
mum hydraulic radius are 

d = J aBin * - (44) 

\2 —cos^ v ' 

Width at top = a , + ( 45 ) 

r a sin 4> v J 

Width at bottom = a _ dcos<j> 

a sin <t> ' ' 

d = depth in feet. 
a = area in square feet. 

<t> = exterior angle made by side with the horizontal. 

As an example, consider a canal to carry 240 cu. ft. per second 
at a velocity of 3 ft. per second. 

240 

a = ^ = 80 sq. ft. 

Take 4, = 38° 

Sin <f> = 0.61566 
Cos 4 > = 0.788 

. _ ISO X 0.61566 
d = \ 2 - 0.788 = 4 '° 6ft 

Average width = ^ = 19.7 ft. 

which is the width at half depth. 


19.7 ft. 


Width at top = a ±dcos<j> 


4.06 X 0.788 


Width at bottom = 
19.7 - 5.13 = 


19.7 + 5.13 - 24.83 ft. 

a d cos <t> 
d sin4> 

14.57 ft. 


and the area of this trapezoid is 80 sq. ft. 

Also, for a canal having a trapezoidal section, the wetted peri¬ 
meter, p = 6 + ? d > and the hydraulic radius, r = -• 

’ e sin <t> J V 

The velocity of flow in canals must be limited within certain 
fixed values for two reasons; one is to prevent too great a loss of 
head, which increases with the velocity, the other is to prevent 


wash of the canal sides if they are not protected by a masonry 
or concrete lining. The question of limiting velocity to prevent 
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excessive loss of head is an, economic one, the conditions of which 
must be worked out for each case. Usually, the area of cross-sec- 
tion should be such that the velocity head loss will equal in 
value the interest on the cost of the canal at 8 to 10 per cent. 
This general rule, of course, assumes that there is a market for 
all the available power. The loss in head, due to movement of 
the water at some fixed velocity, is computed by Bazin’s formula 
as given in Chap. II. 

Usually, however, the allowable velocity in the canal, based 
on financial economics, is greater than that which the earth will 
withstand. 

The allowable velocities in different classes of material are given 
in the subjoined table. 


Table 16.— Limiting Velocities of Water fob Various Materials 

^ ery ? nC8 f nd . 0.3 ft. per second 

Very fine clay. 0. S ft. per second 

Ordinary sand. 1.0 ft. per second 

® r r d '7 y cltty .'. 15 ft. per second 

r raVe .'... 2.0 ft. per second 

• boose broken stone. 5.0 ft. per second 

In preliminary computations, the velocity is taken at 2 to 

2.5 ft. per second. 

Canals in earth, unlined, are subject to loss of water by leaks 
and seepage. It will usually be found that excessive losses 
from these sources take place over some short section of a canal 
and by lining this portion with concrete or masonry, or puddling 
• it (plastering with a thick layer of clay), the defect can be 
remedied. 

Also, the original cross-section is subject to decrease owing 
to the gradual deposition of silt in canals where the velocity of 
the water is low, and also, because of the growth of shrubs and 
brushwood. Therefore, it is probable that any canal will re- 
qrnre occasional cleaning at periods from 1 to 3 years apart. 

Effects of Ice.—In the case both of canals and open flumes, 
the formation of a sheet of ice over the surface decreases the 
cross-section and increases the hydraulic radius, thereby reducing 
the velocity of flow. If an open channel, of any kind, is subject 
to freezing, its cross-section must be made of sufficient area to 
carry the desired quantity of water, when ice-covered. 

The computations for the area required and the loss in Wd are 
made in the same manner as has been outlined for flow in streams, 
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except that the length of wetted perimeter is equal to the length 
of the boundary erf the stream-bed cross-section plus the width 

. of the ice surface. This means that ^ is much less than in the 
, P 

case of open streams. 

The value of Basin’s m for this condition is 

Pi X mi + p» X 0.06 
Pi + pi 

in which 

Pi = length of wetted perimeter of canal bed. 
pi = perimeter of ice surface = width of stream. 

Pi + Pi = total wetted perimeter. 

mi = Bazin’s coefficient for the surface of the canal bed, 
usually 1.30. 

0.06 = coefficient for smooth surfaces. 


As an example, take a canal having sloping sides: depth — 4 ft., 
width at top of water surface = 20 ft., width at bottom - 12 ft., 
length of each sloping side = 5.65 ft. 

Then p, = 12 + 2 (5.65) = 23.3 ft. 

Pi = 20 ft. 

23.3 X 1.3 = 40.29 
20 X 0.06 = 1,20 
Sum - 41.49 

The wetted perimeter is 43.3 ft. and the area is 4 {— 

64 

= 64 sq. ft. The hydraulic radius, therefore, is ■■ 1.48. 

64 

When there is no ice coating, the hydraulic radius is 


23.3 


■ 2.74. 


Assuming a slope of 0.00075, the values of C become: 

87 

For canal with ice coating, C =- 


0.552 + P~ 
Vl.48 


0 957 “ 65,2 


For canal without ice coating, C 


87 


0.552 + 


1.30 “‘ 65 -° 


V2.74 

Velocity in canal with ice coating = 65.2 X \/l.48 X V0.00075 

_« 2.38 ft. per second. 
Velocity without ice coating - 65 X \/2.74 X v'O.OOOTS «* 2.94 

ft. per second, 
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bo that, with the same loss of head, the canal discharges over 23 
per cent, more water without the covering of ice. 

Seepage losses in canals have been investigated on some of the 
irrigation projects of the United States Reclamation service. 
The average losses from leakage and seepage that may be ex¬ 
pected in a canal during each 24 hr. are Jpl, in which 

p = wetted perimeter in feet. 

1 *• length of canal in feet. 

pi =» total wetted area of canal. 

J =* a constant which depends for its value on the character 
of material of the canal bed. 


The loss of seepage in cubic feet per second is 


Jpl 

86,400 


(49) 


The values of J are given in Table 16 herewith. They actually 
represent the loss in depth (in feet) per 24 hr., as is obvious from 
the formula. 

Table 17.—Values or J fob Seepaof. Loss 


Material of canal bed J 

Cement gravel and hard pan with sandy loam. 0.34 

Clay and clay loam. 0.41 

Sandy loam. 0.66 

Volcanic ash. 0.68 

Volcanic ash with some sand. 0.98 

Sand with volcanic ash. 1,20 

Sandy soil with some rock. 1.68 

Sandy and gravelly soil. 2.20 


Just how valuable and authoritative these data arc, the author 
is unable to say. The losses appear to be excessive, and certainly 
no power canal would be a satisfactory one with any such con¬ 
tinuous loss as even the smallest figures in the table would indicate. 
The results of the tests are merely given here as an indication 
that some seepage does take place, and materials should be 
used—such as clay puddling or concrete lining—to prevent it, 
unless the water supply is greater than the demand for power. 

Where the expense is justified, concrete makes one of the 
most satisfactory linings and is usually laid in thicknesses of 
from 4 to 6 in., depending on the depth of water to be main¬ 
tained in the canal, the material on which the concrete is to 
be placed, etc. Thicknesses less than 4 in. are seldom used, 
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as the saving in concrete is more than offset by the cost of 
trimming the slopes and the cost of placing. In climates 
which have large variations of temperature, expansion joints 
should be provided at proper intervals. Sometimes, when the 
canal has large embankments, it is advisable to reinforce the 
lining with a steel wire mesh or light reinforcing rods. In canals 
whose side slopes are fiat enough to permit the placing of concrete 
without forms, the cost of placing is greatly reduced, but in most 
power canals the side slopes are such that forms are required for 
lining the sides. Unless the canal embankments have been al¬ 
lowed to stand for some time before the lining is placed, the bank 
sometimes shrinks away from the lining at the top. These 
cracks between the lining and the bank should lie carefully sought 
out and churned full of soft clay, as otherwise the lining may 
crack when the canal is filled with water. Special care must be 
taken in joining the lining to bulkheads and flume entry-ways 
in order that vertical cracks may not form at the joint and 
serious leaks occur. The thickness of the lining should be 
gradually increased up to such junctions and short lengths of 
reinforcing rods used as dowels. 

On sidehills, or wherever the ground slopes toward the canal, 
some means, such as surface ditching, should be taken to prevent 
surface water from collecting liehind the lining and upturning it. 
In describing a canal, several miles of which was lined, F. W. 
Hanna, of the United States Reclamation Service, says: 

“In order to protect the lining from the collection of water behind it 
from surface drainage on the uphill side of the canal, a complete system 
of drainage ditches was dug to collect the water and bring it into the 
canal over the top of the lining. A sudden melting of snow before a 
portion of the ditches was completed demonstrated the necessity of this 
plan as several panels of the lining were ruptured by the hydrostatic 
pressure behind them.” 

When large quantities of storm waters arc permitted to enter 
a canal, the surplus water is. discharged over waste weirs or 
through waste gates, or over automatic gates. 

Where power canals traverse an irrigated country, the sub¬ 
surface water level is often above the bottom of the canal and 
when the canal is to be lined, care must Iks taken that the pressure 
produced by this water does not upturn the lining. During the 
canal construction, in such coses, the subsurface water must be 
drained away in order that the construction work may proceed 
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more advantageously. When possible, this may be effected b 
leading such drainage to some natural water course crossing the 
canal, by means of a small drainage ditch in the middle of the 
canal bottom. 

The following tables give some of the approximate figures on 
slopes, velocities and costs of canals for a given discharge in 
cubic feet per second. 


Tabu: 18.—Awioxi.yiatk Data on Canals in Ohdinart Earth 


Second 

feet 


50 

100 

200 

300 

400 

600 

1000 

1500 

2000 

3000 


Velocity in 
feet per 
second, V 


Area of wet 
aortion, I 
*J- ft 


Water 

depth, 

ft. 


Approximate 
slope in feet 
per mile 


2 

/ 25 

/ 2 5 

4 

2 

50 

i 3.5 

2 

2 

100 

1 5 0 

IK 

2 

150 

1 0 0 

l 

') 

200 

7 0 

K 

2 

250 

; -.0 

H 

'■i 

500 

; 10.0 

K 

2 

750 

! 12 0 

K 

2 

1000 

12 0 

H 

2 

1500 

! 15 0 

H 


Approximate ooct 
per running foot 


Low 

*0.375 

0,75 

1.50 
2.25 
3.00 
3.75 

7.50 
11.25 
15.00 
22.50 


High ' 

*0.75 

1.50 
3.00 

4.50 
6.00 

7.50 
15.00 
22.50 
30.00 
45.00 


In rock, the velocity in a canal may be much higher, and if the 
canal be lined, 8 ft. per second is admissible. For preliminary 
calculations tins velocity will give approximate results. The 
following approximate figures are based on this velocity: 


Tablb 19. Approximate Data on Canals in Rock 


Second 

feet 

Velocity in 
feet per 
second, V 

' Aren of wet 

1 lection, 
j *q. ft. 

Water 

depth, 

i {i 

Approximate 
•lope in feet 
per mile 

! Approximate coat 
j per running foot 

— 


1 __ 



Low 

High 

50 

8 

6.25 

2.5 

40 

*0.32 

*1.28 

100 

8 

12.5 

3.5 

25 

0.63 

2.50 

200 

8 

25 0 

5.0 

16 

1 25 

5.00 

300 

8 

37.5 

6 0 

12 

1.87 

7.50 

400 

8 

50 0 

7 0 

10 

2.50 

10.00 

600 

8 

62.5 

7.0 

9 

3.25 

13.00 

1000 

8 

125 0 

10 0 

6 

6.00 

24.00 

1500 

8 

175.0 

12.0 

4K 

8.75 . 

35.00 

2000 

8 

250.0 

12.0 

3K 

12.50 

50.00 

3000 

8 

375.0 

15 0 

3 

18.75 

75.00 
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These values are for lined canals only, since a higher velocity 
will be allowable without producing too great a loss of M and 
the cost will probably be more favorable. 

It must be considered that these figures are wholly approxi¬ 
mate since for any desired section the amount of excavation, per 
lineal foot of canal, must vary with the character of the route— 
whether this be flat, rolling or sidehill. 

In this connection, the following approximate costs; based on 
the annual reports of the United States Reclamation Service, are 
of interest. 


Table 20.— Approximate Cost or Excavation per Cubic Yard 



1 Low 

High 

Pair y * 1 u * 

Earth — plowable with four horses. 

. * 0.10 

* 1.00 

10.18 

Earth — plowable with six horses. 

... 0.12 

1.60 

0.30 

Indurated material. 

. 0.29 

2.00 

0.60 

Loose rock. . 

0.35 

2 50 

0.75 

Solid rock. . 

. 0.60 

5.00 

2.00 

Earth below plane of saturation . . 

... 0.20 

3.00 

1.80 

Rock below water. 



4.50 


Open flumes are simply elevated aqueducts made of wood, 
steel or reinforced concrete. Their use is, principally, in con¬ 
nection with canals, and they are, generally, for the purpose of 
avoiding long detours which would have to be made if the canal 
followed along the path of the natural contour. They are also 
used for carrying water across depressions or ravines from the 
end of a canal on one side of the ravine to the other end of the 
canal on the opposite side. 

The cross-sectional area of a flume can be made much less than 
that of an unlined canal to carry a given quantity of water, be¬ 
cause the frictional coefficient is less and the velocity of the water 
is not limited by the physical characteristics of material. 

Wherever a canal discharges into a flume, or vice verea, the 
cross-section of the flume being considerably less than that of the 
canal, curved approaches are made so that the water from the 
canal section is gradually, and not abruptly, contracted, until it 
finally takes the cross-section of the flume. Unless these gradual 
approaches are made, there will be a loss of head due to the abrupt 
increase in velocity, and decrease in cross-section. The values 
of these losses are given in the formula for loss of head due to 
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abrupt decrease in cross-section of pipes, in Chap. VI. Also, where 
the water emerges from the flume at a given velocity and passes 
into a canal having a greater cross-section and, therefore, at a 
lower velocity, if this change be made abruptly, there is a loss in 
head, as is set forth in the succeeding chapter. With the easy 
approach between the flume end and the connecting canal end, 
this latter loss is avoided and there is a definite pressure head 
added to the water due to the reduction of velocity, which reduces 
the kinetic energy in the water, and this kinetic energy goes into 
the form of pressure head. Under these conditions, water can be 
made to run uphill and still maintain the velocity required in the 
canal, provided the rise in elevation is made from the end of the 
flume, where the higher velocity begins to diminish, to the end 



I'kj. 3S. lupered flume entry of concrete. 


of the approach in the canal, at which point the lower velocity is 
finally attained. 

The height to which water can be made to rise under these 
conditions, is 

V,* - TV 

(50) 


h = 


2g 

in which Fi is the velocity of the water when just emerging 
from the flume, V, is the final velocity in the end of the approach 
to the canal, in feet per second, h is the rise of the water in feet 
and g is 32.2. 

As an example, consider a flume velocity of 9 ft. per second and 
velocity m canal of 2 ft. per second; then 
(9)» - (2)» _ 

— 1.2 ft., which is the height to which the water 


2 g - - 

may be elevated by its initial velocity 1’., and still leave the re- 
qwred velocity V, = 2 ft., per second, for flow through the canal 
I he simplest and most durable method of making a proper, 
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flared, or tapered, entry-way, is to construct it of concrete, the 
end of the flume being set into the concrete and making a perma¬ 
nent, water-tight joint. This form of connection is suited to 
metallic, wood or concrete flumes, and it not only provides the 
proper form of entry, but largely removes the difficulty of muting 
an impermeable joint between the bed of the canal and the flume 
end. Fig. 38 shows a concrete canal entry-way leading to a 
metallic flume. Tapered metallic entry-ways are made by The 
Hess Flume Co. Fig. 39 shows one of these. 

The theoretical economical section of any open conduit is semi¬ 
circular, but for wood and concrete the labor cost for making a 
semicircular form usually 
exceeds the value of the 
saving in material as com¬ 
pared with a rectangular 
section. Semicircular wood 
stave flumes are sometimes 
installed, as later described. 

Also, certain types of sheet- 
steel flumes have a semicir¬ 
cular section and are, therefore, subject to a slightly smaller loss 
of head than other forms. 

The most economical rectangular cross-section for a given 
area of water, and the one that will give the largest hydraulic 
radius, is that in which the width is twice the depth. This fact 
is shown as follows: 

If a = depth and b = width of cross-section, the area A - ab, 
and for a given area, ab is constant. 

The wetted perimeter p of an open rectangular trough is 
2 a + b; and the hydraulic radius is, therefore 

A A 
p = 2a + 6 
A 

As A is constant, x —, will lie maximum when 2a -f 6 is mini¬ 
ma + 6 

A 

mum. Since A = a6, or 6 =■ > 

a 

2 a + 6 = 2a + - - 
a 

The minimum of 2a + ^ is obtained by taking its derivative and 



Fig. 39.—Flared flume entry of metal. 
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equating it to zero, i.e., from the equation 


d 

da 




- 0 


which gives A 


2a 1 and therefore 



2o s 

a 


2a; 


that is, the width for minimum perimeter is twice the depth. 

Sheet-steel Flumes.—Manufacturers are now supplying sheet- 
metal troughs bent to semicircular form, made up of sections 
which arc easily and quickly jointed together, and which, sup-’ 
ported on a trestlework, make an efficient, durable and economi- 



Fni. 40.— Steel flume. 


oal flume. The value of n in Kutter’s formula for these flumes 
is 0.012 to 0.015 and the value of m for Bazin’s formula is 0.16. 

The “McGinnis” flume is one which is typical of this kind. 
The individual, bent sheets are placed end to end and are sup¬ 
ported at each joint by a bent iron rod or bar which encircles the 
outside of the sheet. The ends project upward past the edges of 
the sheets and pass through a cross-member, which is usually of 
wood. This cross-member is parallel with the joint and, there¬ 
fore, lies across the flume, spanning it. The cross-members are 
longer than the flume diameter and project out at either side. 
These projecting portions form the flume support, as they rest 
on stringers which run along the flume on either side. - & 

This construction is shown in Fig. 40 which shows the com- 
pleted flume following along a hillside. 
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The joint between adjacent sheets is made mechanically. The 
ends of each sheet are beaded, as shown in Fig. 41. The beaded 
end of one sheet mates with the beaded end of the next one, and 
the bent supporting rod lies in the groove formed by the bead. 
A light channel, also bent to semicircular shape, to conform to 
the curve of the sheets, is put inside the sheets, the flanges of the 
channel lying against the surface of the plates on either side of 
the bead. A detail of this joint is shown in Fig. 42. 

At the upper ends, the channel bars are bent outwardly over 
the upper edges of the sheets and the ends of the supporting 
rods pass through these bent channel ends. The rod ends are 
threaded. 



Fia. 41 —Section through Fia. 42.—Detail of joint 

“ McGinnis" flume joint. in McGinnis flume. 


The ends of the supporting rods, s, pass on upward through 
the transverse supporting pieces, and a heavy washer is put over 
the ends. A nut screwed firmly down on the supporting rod 
ends, clamps the supporting rod » and the inner angle c together 
with the sheet ends between them, so that a water-tight, mechan¬ 
ical joint results. 

The Hess flume is also made of curved sheets which are pro¬ 
vided with a clamp joint that does not require any interior 
bracing strip, so that the interior of the flume is smooth. The 
manufacturers claim that tests by United States Reclamation 
Service engineers show the value of n for Rutter’s formula to 
be 0.011, which is certainly a low value. 

Xhe following table gives areas, velocities, heads, slopes and 
espying capacities of semicircular flumes, based on n for Rutter’s 
formula - 0-015. 
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Table 21,—Velocitt and Dischabm in Semcisoolab Steel Flumes 


Kutter’s Formula, n » 0.01S 

D — Discharge—cubic feet per second F « Feet per mile—grade 
V « Velocity—feet per second S = Slope per unit of length 


Dia. 

im. 

Ansi ? 

1.584 | 2.112 

2.64 

3.96 

5.28 

7.92 

10.56 

r , ‘i a 

0.0003j 0.00041 0.0005| 0.00075' 0.0010 1 0.0015 

0.0020 


. J . D 

.. 0.62 | 0.72 | 0.84 j 1.04 

1.20 


"~\ V ; . 0.98 i 1.15 

1.34 I 1.65 

1.90 

19 

I i> 

. 1.07 j 1.33 

1.54 | 1.90 

2.19 

1 v 

. 1.08 | 1.34 

1.56 j 1.92 

2.21 

23 

D 


2.56 1 3.19 

3.69 

V 


1.79 1 2.23 

2.58 

30 H 

1 l) 

.i 3,66 | 4.09 ! 5.05 i 5.87 i 7.21 

8.33 

1 y 


1.61 i 1.99 

2.31 

2.84 

3.28 

38 

1 t> 

5.68 | 6.55 

7.30 | 9.01 

10.48 

12.86 

14.85 

1 V 

1.43 | 1.05 

1.84 i 2.27 

2.64 

3.24 

3.74 

40 

i I) 

9.62 11.J2 | 12.38 l 15.30 

17.71 

21.72 

25.10 

■""'l V 

1.68 1.94 2.16 j 2.67 

3.09 

3.79 

4.38 

53 Vi 

01 

i D 

14.21 ; 15.70 l 18.35 j 22.57 

26.24 

32.18 

37.10 

'"\ y 

1.82 i 2.01 i 2.35 1 2.89 ; 3.36 

4.12 

4.75 

l) 

20.44 ; 23.39 ! 20.14 i 32.44 | 38.03 | 40.38 

53.60 

V 

2.01 } 2.30 i 2.57 3.19 3.74 j 4.56 

5.27 

i ; d 

08)4 12.89- 

1 V 

27.82 ; 32.38 j 30.22 i 44.70 j 52.01 

63.61 

73.42 

2.15 ! 2.50 ! 2.81 j 3.47 | 4.03 

4.93 

5.69 

70W 

D 1 30.84 42.72 ; 47.80 ! 59.07 i 68.92 


97.34 

1 V j 2.32 i 2.69 i 3.01 j 3.72 ( 4.34 


6.13 

84 

/) | 47.90 S5.41 61.95 76.19 88.50 108.32 

125.06 

; y 

2.40 2.88 

3.22 j 3.96 1 4.60 j 5.63 

6.50 

92 

1 D 

00.51 70.14 

78.62 i 96.26 

111.16 136.14 

157.23 

' i * 

2.64 3.00 | 3.43 

4.20 

4.85 I 6.94 

6.86 

i ! D 

91.02 105.67 1118.13 

144.63 

167.07 |204.79 

236.27 


' 1 y 

2.92 

3.39 

3.79 

4.64 

5.36 

6.57 

7.58 

122 

40 69 ° 

129.80 

150.15 

107.64 

305. AS 

237.22 

290.53 

335.69 

V 

3.19 

3.69 

4.12 

5.05 

5.83 

7.14 

8.25 


Wooden Flumes.—Wooden flumes have a comparatively short 
life but their first cost is low and, in many instances, their yearly 
cost of interest and maintenance is less than the yearly cost of 
more expensive but more durable structures on which the annual 
interest charge is heavy. 
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They are generally of rectangular form, though, sometimes, they 
are made of wood staves and are semicircular in cross-section, as 
shown in Figs. 43 and 44. 1 



Fio. 43.—Semi-circular wood-stave flume under construction. 

Figure 43 depicts a wood-stave flume in process of construc¬ 
tion, while Fig. 44 shows a section of the completed flume. As 



Fia. 44.—Semi-circular wood-stave flume complete. 

indicated, the trough is carried in bent iron rods, the ends of 
which pass upward through supporting stringers, and are held 

1 Courtesy of Mean. Owens A Bouillon. 

T 

















Fui. 45.—Section anil elevation of wooden flume at support. 

like wood-stave pipe, the end joints for the staves and other 
details being the same. 

Figures 45 and 46 show designs of rectangular wooden flumes 
in general use. The construction is indicated in the drawings, 



Fio. 46.—Section of wooden flume. 


and from the equations, later given, for the forces acting on the 
troughs, any engineer can properly proportion the 'parts. 
From 12 to 20 ft. will usually be found the most economical 
spacing of the trestle-bents to support the trough. The longi- 
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tudinal spacing of the cross-beam supports carrying the side 
frames is from 4 to 6 ft. Of course, the farther apart the side 
supports, the thicker the planking of the trough must be to .pre¬ 
vent side and bottom deflection. 

Where flumes of rectangular cross-section are used, the follow¬ 
ing equations will give the values of the principal forces and 
moments set up by the water in the trough. 

Refer to Fig. 47 and take all units in feet and pounds for 1 
ft. length of flume. 

Transverse Forces.—Force tending to push side walls outward 
is 

P - ^ ii, j, er f o0 t length (51) 

This force is applied at a distance = ^ ft. above bottom. 

Moment of 1‘ about bottom = M i «* 10.4d* lb.-ft. (52) 



Fro. 47.—Diagram showing dimensions and forces used in flume formula. 


This is the moment tending to overturn side about bottom joint 
at X - X. 

If the depth d be divided into several parts, say di, dt, d t , 
beginning at the top, then the overturning moments at the several 
sections will be mi = 10.4di ! for the uppermost section, m t " 
10.4 (di + d»)* for the second section, and 10.4 (di + dj + d,)' 
— 10.4d* for the total section. 

P\ - force acting at top of trough, and representing the 
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amount of a force which, if applied at the top, will resist the 
overturning moment of P. 


Pi = 


10.4d 3 


= 10.4d 3 


(35) 


Pi =» force tending to burst side out from bottom if side is 
supported at top. 

P, = 20 M l (54) 

Total pressure on side at bottom if the side is unsupported 
at top is 

P, + Pi = 31.2d ! (55) 

Moment of flexure in cross-beam is 

M b = W 2 ' Z lb.-in. (56) 

W'i = ui + wi, per foot length. 

u, = weight of bottom of flume. 

ui = weight of water in flume = 62.56d. 

Z = distance apart of supporting stringers. 

If li be the longitudinal distance apart of the cross-beams and 
side braces, the total forces and moments are those as given, 
multiplied by k. Thus, Fil t is the total force acting at the top 
on each side brace. 

Longitudinal Forces.—Moment of flexure between adjacent 
cross-beams, where the beams are l ft. apart, is 

M, = ^ lb.-ft. = WP lb.-in. (57) 


This moment must be resisted by the trough sides. 
Moment of flexure of stringers is (approximately) 

„ f WL *. 3WL *. . 

M, = lb.-ft. = lb.-in. 


(58) 


L ~ length between supports; 

W *= id of flume and water, per ft. 

At the ends, and for the spans between joints, one-half the 
span is cantilevered, the other half simply supported, and for 
these spans the value of the flexure moment becomes 
WL* 

M', - 1Q lb.-ft. = 1.2WL* lb.-in. (59) 


Flume Trestlework. —The trestle bents to support a flume 
across depressions and ravines are to be proportioned in accord- 
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ance with the load to be carried and the height of the bents, 
just as for the carrying of any other trestle-supported load. 

Figure 48 shows the design and dimensions of a trestiework to 
support a metallic flume. The design is also applicable to wooden 



SECTION SIDE ELEVATION 


Note: Substructure designed for indicated height, ten feet. For greater heights increase 
dimcnxionx of posts according to requirements. Side stringers and braoea are standard 
for all heights with 16 ft. span. Sixes of timbers deaignea for Oregon pine. 

Fio. 48.—Trestle-work for flume. 

flume trestiework with proper modifications to accommodate the 
rectangular cross-section and the reduction in height for carry¬ 
ing the flume on top of the bents instead of between them. 



Fio. 49.—Steel flume on rough-timber rapports. 


These designs are also suitable for supporting semicircular, wood 
stave flumes, the small changes necessary to adapt them to this 
use being obvious. 
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Of course, the dimensions and sizes of timbers shown must be 
modified for different loadings and lengths of span, which must 
be made to conform to economical requirements in the use of 
materials. Also, the stresses in the timbers and joints must be 
within the limits of safe practice. 

flume-supporting timbers should be made larger than neces¬ 
sary to support the load safely, owing to the possibility of decay 
and consequent weakening of the supports. Rough timbers cut 
in the vicinity of the work may be used instead of dimension 
lumber, saving time and money. Such timbers fulfill every 
requirement and are, usually, more durable than sawed lumber. 
Fig. 49 shows a short section of flume on a trestlework made from 
rough materials. 

Concrete Flumes.—Reinforced concrete has been used in flume 
construction and will probably be employed more in the future 



Fid. 50.—Section and elevation of reinforced concrete flumes. 


since reinforced-concrete construction has become general for 
nearly every character of permanent engineering structure. 
These flumes are built of the same form as wooden flumes, the 
usual rules of concrete construction being followed: 

The safe limiting stresses for this work are: 


Concrete compression. 

Concrete shear. 

Steel tension. 


500 lb. per square inch 
50 lb. per square inch 
18,000 lb. per square inch 


Hydrated lime, or some equivalent waterproofing, should be 
used in the concrete forming the trough. 

The designs shown in Figs. 50 and 51 are both used, though 
the second is usually the more economical. 
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In the finit type. Fig. 60, the side walls of the flume are thin 
and only strong enough to act as a beam from one support to 
the next. 

The stresses acting against bursting, or against the sides 
turning outward, must all be taken by the vertical braces sur¬ 
rounding the trough at each support. 

There is a transverse flexure tending to break the bottom 
through, as indicated in Fig. 52. Hence, the bottom must be 


-*£>3 Bar. h"o , 

I ft Bant up from Bottorof 
I 1 Short Bod 10'Long 

f j|t--Wlra liesh- 

-80 


in 






.Tttrx-U 


5 » tin H o 


i-I' 


| [SECTION SECTION 
AT BETWEEN 
■“SUPPORT SUPPORTS 




*—H-t 
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Fia. 51.—Section ami elevation of reinforced concrete. 


transversely reinforced. As is obvious, the total weight of flume 
and water is carried by the side walls acting as girders from sup¬ 
port to support. 

The side walls have the upper edges heavily reinforced to act 

as beams between supports, resisting the horizontal flexure due 

to side thrust while, at the bottom, where they join to the 
trough-bottom, they are anchored by short tension rods. In 



Fia. 52.—Diagram allowing effect of tranavcrac flexure in unreinforced 
concrete. 


this way, the sides are supported against bursting outward at 
top and bottom. Hence, each vertical element of the side wall 
is a simple beam, supported at each end and having the equiva¬ 
lent of a concentrated load at a point g from the bottom. This 

condition requires that vertical reinforcing rods be placed near 
the outside surfaces of the walls. 
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The design shown in Fig. 51 differs from the one just described, 
in that the side walls are held against both bursting and over¬ 
turning by cantilever rods, the bottom of the side walls being 
thickened in order to give a greater lever arm to the steel. This 
design also avoids the steel reinforcement in the upper edges of 
the side walls. 

The distance apart of supports is a question that must be 
decided for each locality.. It depends on the cost of concrete 
materials, steel, labor and the height of the flume above ground. 
Seldom will a span exceeding 30 ft. be economical, and a 12 ft. 
span is as small as should ever be used. 

The ordinary formula) for design of reinforced-concrete struc¬ 
tures are used in fixing the various dimensions, and the amount 
of steel and its location. 

Provision for expansion must be made at intervals not exceed¬ 
ing 100 ft. apart, otherwise the trough will crack. The same 
forms of expansion joints, as described in the section on Rein- 
forced-concrete Dams, are suitable for flume troughs. Each joint 
must be made at a support and each adjacent end of the trough 
should have bearing of at least 8 in. on the support. 

This may require the supports underneath the joints to be 
wider than those which are at other points. 

In the type of flume shown in Fig. 50 the forces to be resisted 
and the formulae for quantities of steel reinforcement and loca¬ 
tion of bars are as follows: 

The flume will act as a Continuous beam, and the bending 
moment between supports (except the last section at each end 
and the sections adjacent to expansion joints) is 

M. = lb.-ft. = WIJ lb.-in. (60) 

L - distance between supports, in feet. 

D = height of side wall, in inches. 
d = depth of water in flume, in feet. 
b = width of section, in feet. 

W - weight per foot of flume, filled. 

= + Uj. 

«i => weight of water, per foot length = 62.5 db. 

an = weight of flume = 145X (approx.), in which X - 
volume, in cubic feet, of the concrete, per foot length of flume. 
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The constant 145, is the average weight of concrete, per cubic 
foot, with steel reinforcement. 

Area of steel for longitudinal flexure between supports, is 

Ac = 7W-2) sq ' in ' ( a PP rox -) (61) 

S being the stress, in pounds per square inch, in the steel. 

Thickness of stressed concrete is given by formulae in section 
on “Reinforced-concreteDams,” Chap. VII. 

Where the flume does not act as a continuous, but as a simple, 
beam, namely, at the two ends, and where the spans are adjacent 
to expansion joints, the spacing can be only 90 per cent, of the 
intermediate spans, or the steel must be increased 20 per cent, 
above the amount shown by the formula, if the end spans be equal 
' in length to the intermediate spans. These changes are due to 
the fact that a beam having one end cantilevered, as a portion of 
a continuous beam, the other end not cantilevered, but simply 
restipg on the support, has a maximum bending moment «= 

, instead of lb.-ft. 

Obviously, where the flume is continuous across supports, the 
longitudinal reinforcing steel at the bottom must lie bent up to 
the top of the trough section, as indicated in the accompanying 
designs. 

If the tops of the side walls are too thin, the compression in the 
concrete will be excessive. If this is found the case, the design 
should be changed by thickening the side walls. 

Bending moment, per foot length of flume, of the transverse 
flexure tending to break the bottom through is 

A/, = 3 ^ l6 lb.-in. (62) 


Wi = weight per foot length of water and bottom of flume. 
6 = inside width of flume, in feet. 

Hence, area of transverse steel, per foot length of flume, is 


8X3W.6 _ 1.71 W,6 

Ai “ 7 X 2 X S(t, - 1.5) ” 8(h- 1-6) 8q- ln- 


(03) 


h = thickness of bottom, in inches. 

S = stress in steel, pounds per square inch. 
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Spacing, J, of steel bars is 


J = 


12 X Ao . 

AY ’ 


(64) 


in which A a = area of one bar. 

At = total area of steel required.- 

Force acting outwardly at top of side wall, per foot length, is 


Ft = 10.4 tP lb. 

Moment of Ft = M t = FjZ, 2 = 10.4 d 2 L 2 lb.-in. 

. .... 10.4 d'L* X 8 

Area of steel = Aj = J S(fY~-TH) 

11.9 d‘L 2 

“ S(i, - 1.5) 8q ' ln ' 
tj = thickness of side wall 


(53) 

(65) 


( 66 ) 


Force, Ft, acting at bottom of side wall, per foot length, is 
Ft = 20.8 d 1 lb. (54) 


This stress is simply tension, as this force has no lever arm 
and hence, no moment. 

Area of anchoring steel at bottom is 


, 20.8 d 2 

At = ——sq. in. 


(67) 


Flexure in side walla, between top and bottom supports, per 
foot length of wall is found as follows: 

The force acting on the side walls to bulge them outward, is 
aero at the water surface, and 62.5 d pounds, per foot length, 
at the bottom, so that the stresses in a vertical element of the 
side walls are similar to those on a beam triangularly loaded. 
The maximum flexure stress for this loading is slightly greater 
than that caused by a uniform load having the same weight as 
the triangular load. In practice, the calculations will be suffi¬ 
ciently close to the actual conditions if the flexure stresses in 
the side walls be computed as if the vertical elements were 
uniformly loaded. 

Total pressure, or load on side wall, per foot length, is — , 

d, being in feet. This value corresponds to WL in the equation 
for the moment of flexure, while d corresponds to the span of the 



ARTIFICIAL WATER-WAYS 


107 


beam and equals L in the equation. Hence, 

M = = 3.9d J lb.-ft. - 46.8 d> lb.-in. 


Area of steel required is 

. 53.5 d* 

= ^, -1.5) Sq ' m ' m 

Cantilever moment for vertical braces at each support. 

Total force acting at top of trough, and equal to the outward 
pressure for one span length = F\L V = 10.4 d'L lb. 

Cantilever moment = M t = 12 X 10.4 d’L X d = 124.8 d’L 
lb.-in. 

Dividing d into two parts, each equal to ^ the cantilever 
moment, taken from the top of the side brace, halfway down is 

M„ = 124 f d>L = 15.6 d’L lb.-in. (70) 

O 


and area of steel required is 


At i—o 


17.8 d’L 


S(t, - 2) 


sq. in. 


(71) 


which area of steel extends from top to bottom of the sidewall. 
The area of the cantilever steel for the bottom section is 


= 


142.6 d*L 

B(h- 2 ) 


sq. in. 


(72) 


which area of steel extends from the bottom halfway up the side. 

For holding the sides of the trough by cantilever steel, as 
indicated in the design shown in Fig. 51, formulse (70), (71) and 
(72) apply, except that the constant 2 is changed to 1.5, and 
L cancels out, unit length of the wall being taken, so that 


17.8 d* 

Au “ S(t, - 1.5) 
of trough. 

142.6 d» 

An ~ S(t, - 1.5) 
length. 


sq. in., for the top section, per foot length 

(73) 

sq. in., for the bottom section, per foot 

(74) 


All of these equations assume that the reinforcing bars are 
placed with their centers lH in. from the surfaces of thin walls, 
which are in tension, and 2 in. from the tension surfaces in the 
thicker portions of the concrete. 
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A& an example, consider, first, the flume shown in Fig. 50, in 
which 

d «= 4.5 ft. = maximum depth of water. 

6 = 8 ft. 

D = 5 ft. = 60 in. 

1 - 20 ft. 

S taken at 18,000 lb. per square inch, 
a, = 8 X 4.5 X 62.5 = 2,250 lb. 

To find ui, assume an average thickness of concrete = 6 in. = 
0.5 ft. 

X = 0.5 X [8 + (2 X 5)] = 9 cu. ft., per foot length. 
at - 145 X 9 = 1,305 lb. 

W = a, -f- «i = 2,250 -f 1,305 = 3,555 lb. per foot length. 

For longitudinal flexure, M : = WL‘ = 3,555 X (20) 1 = 
1,422,000 Ib.-in. Total area of longitudinal steel required for 
flexure is, by equation (61), 


8 X'1,422,000 
Al ~ 7(60 - 2) 18,000 


1.56 sq. in. 


The bars should be located near the edges of the flume, as 
the vertical walls will resist, practically, all the compression 
stresses which are opposite to the tension stresses of these 
longitudinal bars. 

The area of a J^-in. square bar is 0.25 Bq. in., and to give a 
total area of 1.66 sq. in. the number of J^-in. bars required is 
1.56 

= 6.2, or practically six bars. The location of these bars 

should be three on each side, as is shown in the figure. In order 
to make the trough a continuous girder, the rods must be bent 
up to the top and continue near the upper edge, over the 
supports. To prevent the trough from cracking, only two rods 
on each side should be bent upward, an additional short rod 
being placed at the top to give the proper area of metal. In 
the special case of the design reinforced at the top, all the way 
between sections, these rods will take up the cantilever stresses, 
and the additional short rods are not required. 

The spans at the ends and at sections adjacent to expan¬ 
sion joints, with this amount of reinforcement, should.be 90 
per cent, of 20 ft. or 18 ft. If the end and joint spans be 20 
ft. in length, the steel will have to be increased 20 per cent 
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and, therefore, will be 1.87 sq. in., requiring eight bare, or four 
on each aide. 


The area of the transverse steel to resist the transverse stress 
at the bottom, per foot length of flume, is, from equation (63), 

, . 1-7 1X2, 975 X8 

At 18,000 (6 - 1.5) - 0-502 8q ' ,n- 


For K-in. square rod the spacing is, from equation (64), 


0.5625 X 12 
0.502 


13.44 in, or practically, 13 in. 


Or, if J^-in. square rods are used instead, the spacing will be 


0.25 X 12 
~ 0.502 ‘ : 


6 in. 


This is a better construction, and the Bame quantity of steel 
is used. 

The area of the reinforcing steel to be placed in the top edges 
of each of the side walls is, from equation (66), 


11.9 X (4.5)* X (20)* 
18,000 (6 - 1.5) 


1.19 sq. in. 


This reinforcement can best be made of two %-in. bars having 
an area of 


2 X 0.5625 = 1.125 sq. in. 


Area of anchoring steel, at bottom of side walls, per foot 
length is, from equation (67), 


A, 


20.8 X (4.5)* 
18,000 


= 0.0233 sq. in. 


Since the bottom transverse rods will turn up into the sides, 
and the cross-section of these is greatly in excess of the anchor¬ 
ing steel required for the side walls, no provision is to be made 
for the anchor rods. 

The reinforcement necessary in the side walls to prevent 
flexure or "bulging” of sides is, from equation (68), 

A, = 18^^45) = 0-00 sq. in. per foot length of flume. 

This amount of steel is too small to be conveniently placed 
in bare. A heavy wire mesh will be the best form of rein¬ 
forcement here, and will keep the concrete from cracking. 
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The vertical wall braces at each support are made tapering 
toward the top as shown. These braces are 14 in. thick at 
the bottom and 4 in. thick at the top. Halfway up the braoe 
the thickness is 9 in. 

Hence, area of steel running all the way up the height of the 
wall braces is, from equation (71), 


17.8 X (4.5)> X 20 
18,000 (9 - 2) 


= 0.258 sq. in. 


Use two %-in. square bars here. These have a total area of 
0.282 sq. in. 

Area of cantilever steel running from bottom of wall brace 
halfway up to the top is, from equation (72), 


_ 142.6 X (4.5) a X 20 
A * ~ ~ 18,000(14 - 2) 


1.203 sq. in. 


Deducting the area of the steel which runs all the way up 
the brace (= 0.282), the area of the additional steel running 
from the bottom halfway up the brace is 1.203 — 282 = 0.921. 
Use four J^-in. square bars for this reinforcement. 

Referring to the drawing, it will be seen that the design is in 
accordance with these computations. 

For the second type of flume, shown in Fig. 51, the size is 
to be the same as that of the flume used in the preceding ex¬ 
ample. The thickness of the side wall is made 5 in. at the top 
and 8 in. at the bottom, so that the thickness halfway up the 
height of the wall is 6 J 6 in. 

The longitudinal reinforcement in the bottom of the walls to 
carry the flume across supports, and the transverse rods in the 
bottom, to resist the transverse flexure stresses, will be identical 
with the areas and spacings previously computed for the other 
form of flume. 

The side walls are, however, held up by cantilever steel, and the 
area of this is computed as follows: 

For steel running from top to bottom of the walls, by equation 
(73). 

A„ - ^ 5 ^_ \ 5 ) = 00225 «i- in - Per foot length. 

Use heavy wire mesh for this. 

For steel running halfway up the walls from the bottom, the 
area is, by equation (74), 
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a 142.6 X (4.5)* 

An = 18,000 X (8 -1.6) = 0-115 m- P® rfoot length. The 
wire mesh used for the reinforcement of the upper portion of 
the walls will be ample for this area also. 

From these data the design shown in Fig. 61 was prepared. 

It is not to be assumed that these designs are the most 
economical for any condition or locality. As is obvious from 
the formulse and calculations, the ratio of thickness of concrete 
and area of steel may be varied as the particular conditions may 
require. Where steel is costly and concrete cheap, thick walls 
will be the more economical. Where the reverse condition 
prevails, use thin walls and greater quantities of steel. 

Do not, however, under any conditions, make the proportions 
of steel and concrete such that the area of the steel is greater 
than 0.4 per cent, of the area of the section of concrete, per¬ 
pendicular to the axis of the reinforcing bars, otherwise too 
great a compression stress may be set up in the concrete. 

Tunnels.—The territory over which the water has to be carried 
sometimes assumes such a configuration that tunnels are neces¬ 
sary, because the altitude to which pipes would have to be carried 
in order to pass the intervening elevations, would rise far above 
the hydraulic gradient and be too great for them to act as 
Biphons. Where absolutely necessary and unavoidable, tunnels 
should, of course, be driven, but wherever they can be avoided, 
their construction is an unnecessary expense, and, as compared 
with well-protected steel or reinforced-concrete pipe, a tunnel 
offers no advantage. Where the tunnels are driven, they should 
be made as small as possible, and in order to limit their cross- 
section, should be subsequently lined with concrete, so as to 
present a smooth surface and allow a high velocity of water 
through them without too great a loss in head. 

The cost of driving tunnels varies greatly with the conditions 
and locality, but ranges from $7 to $12 per cubic yard of 
material removed. 

Following is a table giving approximate preliminary data on 
tunnels. The costs are based on the unit figure of $10 per cubic 
yard, including every expense of excavation, timbering, engineer¬ 
ing, and equipment costs. 
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Table 22—Approximate Data on Tunnels 


Carrying 
capacity in 
•eoond feet 

Velocity 
in feet per 
second 

Net sectional 
area, aquare 
feet 

Dimension*, 
width by 
height 

Approximate 
slope feet 

per 1,000 ft. 

Approximate 
cost per 
linear foot 

100 

3.6 

28 

4 by 7 

0.65 

$10 

500 

10.0 

50 

7 by 7H 

3.2 

19 

1,000 

10.0 

100 

10 by 10 

2.4 

37 

1,500 

10.0 

150 

12 by 12H 

1.8 

58 

2,000 

10.0 

200 

14 by 14H 

1 5 

77 

5,000 

10.0 

500 

20 by 25 

0.91 

187 

10,000 

10.0 

1,000 

30 by 33 

0 62 

334 


The slope per 1,000 ft. is computed by Bazin’s formula. The 
value of m is taken as 0.16, it being assumed that the tunnel 
walls are made smooth with concrete. 





CHAPTER VI 

PIPE LINES AND PENSTOCKS 

Pipes, or tubes, foi - conducting water to water wheels are 
called pipe lines when of considerable length, while the short 
sections leading to the water wheels are called penstockB. 

When canals or open flumes are used to conduct water, they 
must be nearly level from "end to end, the entrance end being 
higher than the discharge by an amount equal to the head, h, 
necessary for producing the desired velocity of flow. With 
tubes, any contour may be followed, and the elevation of the 
pipe may be varied within any practicable limits, provided it 
be not raised above the hydraulic gradient, as will later be 
explained. 

•Also, no matter what path the pipe may follow, if it is kept 
below the hydraulic gradient, the net head acting at the discharge 
end of the pipe will be equal to the difference between the 
elevation of the receiving and the discharge ends, minus the loss 
in head due to the resistance of the water to flow through the 
pipe. 

Pipes may be made of steel plate, cast iron, wood staves, or 
reinforced concrete. 

Cast iron is seldom used for water-power conduits, owing to 
the fact that the diameters required are, usually, greatly in excess 
of the practicable diameters of cast-iron pipe. Also, the weight of 
cast iron, its cost and the difficulty of handling and joining the 
lengths together greatly exceed the corresponding characteristics 
in pipes of other materials. 

Energy in Flowing Water.—A mass of water at a given eleva¬ 
tion has a certain potential energy with respect to some lower 
elevation to which it may be allowed to flow. This energy goes 
into various forms in the course of the progress from the upper 
to the lower level. In general, the energy is divided into: 

1 . Energy required to give the water its initial velocity. 

2. Energy required to move the water into the mouth of the 
orifice through which it passes in going from the reservoir to 
the conduit, or pipe, that carries it to the lower level. 
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3 . Energy lost in friction due to passage of water through the 
conduit, or pipe. 

4. Energy loss due to abrupt changes in cross-section of the con¬ 
duit, or pipe. 

5. Energy abstracted by water wheels, or other energy using 
devices in the path of the descending mass of water. 

6 . Energy remaining in the water, in the form of kinetic energy, 
when the water emerges from the end of the conduit, or pipe, due 
to its velocity of efflux. 

The sura of all these must always be exactly equal to the 
potential energy which the mass of water originally possessed, due 
to its elevation above the lower level to which it passes. From 
this arises a condition which appears at first glance to be a curious 
one; namely, that if a pipe has its cross-section gradually in¬ 
creased, the head or pressure of the water in it may be greater 
in the larger section, though this may be some distance from the 
entrance end of the pipe, than in the smaller section at some other 
point nearer the entrance end, deBpite the greater loss of energy 
in pipe friction from the entrance end to the larger section. 

This is more fully explained later in the example showing 
how the hydraulic gradient is determined. 

Bemouilli's Theorem.—The foregoing statement that the total 
energy in a moving stream of liquid, at any point in its path, 
must be equal to that which the liquid originally possessed, less 
the energy consumed in reaching the chosen point, is another 
way of stating Bernouilli’s theorem, which, algebraically, is 

/ v* 

P, =P + y(h + 2g - 2g ) (75) 

in which 

p t = unit pressure at any point in the stream flow, 
p = unit pressure at some other point. 
y = weight per unit volume of the liquid (= 62.5 for 
water). 

h = difference in static head between points at which 
pi and p are taken. 

7 and y, = velocities at points p and pi, respectively. 

This is shown as follows: Let B, C, E, F, in Fig. 53, represent 
a mass of liquid moving in the direction of the arrow u. The 
boundaries of this mass, BC and FE, are elements of any cross- 
section, the section being of any shape. 
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The boundaries may be actual physical walls which confine 
the liquid, or they may be simply stream lines, or veins of flow in 
a greater mass of liquid which is moving, but in different stream 
paths at different points in the cross-section of the mass. 

Consider the flow for a very brief period. The mass of liquid 
at the top will travel through a distance, d, as indicated in 
the figure by the dotted lines. The portion of the mass at fc, 
near the bottom, will move a distance d', such that dA = d'A', 
in which A is the area of the top section, and A' that at the bot¬ 
tom. In other words, the volumetric displacement at the top, 
in a given time, must equal the volumetric displacement at the 


bottom, or anywhere else in the 
vein. Otherwise, the liquid would 
either be compressed, or discon¬ 
tinuous. 

If a pressure p, per unit area, 
be acting on the upper surface, A , 
then the work done in moving 
through the distance d, is pAd. 

Also, if a pressure pi per unit 
area, be acting against the bottom 
surface, the work done by the move¬ 
ment of the liquid through the dis¬ 



tance d! is piA'd'. 

Since the pressure against the bottom of the liquid is opposite 
to that against the top surface, the signs of the two must be 
likewise opposed, so that the work done at the lower end is 


— fj 1/1 U . 

If the volume of liquid Ad, produced by the displacement 
of the surface A through the distance d, weighs y lb. per unit 
volume, the weight of liquid displaced is yAd. 

If h is the difference in head between the upper and lower 
sections, the work done by gravity for a movement of the volume 
Ad, having a weight yAd, through the distance h, is hyAd. 

If the flow is steady, the velocities at A and A' are constant. 
Gall these V and V, respectively. Then kinetic energy of 

weight of water yAd, at velocity V, is —jj— , while the kinetic 


. . „ . yAdVS 

energy at velocity V i, is —• 

The difference between these two values represents the 
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change in the kinetic energy in passing from the upper to the 
lower positions. This value is **2g (^‘* — ^ J ) (76) 

Equating the total work done to the change in the energy of 
the liquid, 

pAd - piA'd' + hyAd = (VS - V) (77) 


Since Ad = A'd', and this factor cancels on both sides of the 
equation, this reduces to 



p - pi + hy = ~-(V i s - V 2 ) 


or 

(78) 

,r* yvs 

hy + 7> + 2g =pl + ‘2(f 

and 

(79) 

P. =P + yh + Z g (V*- TV) 


which shows that if, at any point, the velocity of the liquid 
increases, thereby increasing its kinetic energy, the pressure 
must undergo a corresponding reduction, and vice versa. 

This is a most important theorem and by its use all problems 
of pressure and flow are easily solved. 

If, instead of velocities V and V\, their equivalent static heads 
H and Hi are used, the formula is somewhat simplified. 

Since V* = 2 gH, this value can be substituted for values of 
V * and Fi* in formula (79) which becomes 

Pi = yh + p + yll - yIIi 

or 

Pi = p + y(h + H — Hi) (80) 

In addition to the hydraulic, or mechanically applied, pressures, 
that may act on a mass of water, the pressure of the atmosphere 
must be included in all computations when air is excluded from 
any pipe, or vessel, which may form a portion of the path 
travelled by the water. Usually, air pressures are neglected 
because they apply, equally, to all parts of the mass of water 
and, therefore, cancel out of the calculation. 

The laws of flow of water in pipes are similar to those of flow 
in open channels. There is a resistance to the passage of the 
water through the pipe and a pressure, or head, must be present 
to overcome this resistance and cause flow. The resistance de- 
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pends for its value on the character of the surface of the pipe, 
the length, the diameter, and some power of the velocity of the 
water. Obviously, the head required to cause flow is lost and 
is deducted from the gross head to obtain the net head. 

There are several formula for computing the head required 
for producing flow in pipes. Kutter’s, Bazin’s, and Hazen & 
Williams’, as given in Chap. II, are all applicable. 

For many years it was assumed by various investigators 
that the head required to force water through a pipe, or conduit, 
varies as the square of the velocity. It has long been known 
that at extremely low velocities the required head varies, approxi¬ 
mately, as the first power of the velocity. Such velocities are 
very much lower than those used in practical hydraulics and 
need not be considered here. 

At practicable velocities, the head required to move water 
through a conduit varies more rapidly than the first power, 
but not so greatly as the square of the velocity. 

The more recent formulae for the flow of water in pipes are 
those of Tutton, and Hazen & Williams, both of which are 
exponential, and of the general form, V — Cr n S m . 

Tutton’s formula is, perhaps, as accurate as that of Hazen & 
Williams, but this accuracy is obtained by varying both the coeffi¬ 
cient and the exponents for varying conditions. Hence, it is not 
a general formula at all, but an algebraic expression of empirical 
results. 

The formula of Hazen & Williams is, apparently, the most 
reliable of them all, particularly for power-plant work, as 
the experiments to which these investigators had access 
included large pipes, while the tests on which most other formula 
are based were made on pipes having diameters of less than 
3 ft. For these reasons, the Hazen 4 Williams formula has been 
adopted in this work. 

The use of an exponential formula, in which the powers are 
fractional, may appear, at first sight, to offer difficulties of 
computation greater than the old, and less exact formulae, based 
on the variation in head with the square of the velocity, and in 
which the powers are whole numbers. This is, however, not 
the case. Nearly all exponential formulae are most easily and 
accurately solved by the use of logarithms, and, moreover, the 
possibility of arithmetical errors is greatly reduced, even if the 
powers are simply squares and cubes. 
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The adoption of fractional exponents merely compels usii 
the simpler method. Also, the objection, which has some 
times been offered to equations in which fractional exponent! 
occur, that they ore not adapted for solution on the slide rule, 
does not hold. The ordinary slide rule has a logarithmic gradua¬ 
tion on the under side of the slide, and it is as easy to read 
logarithms on the rule as to read the figures on the upper side 
of the slide. Any engineer who will make a few computations 
with this formula, will conclude that it is just as simple and 
easily used as any of the older and less accurate ones. 

The tests investigated by Hazen & Williams, and also by 
Tutton, show, conclusively, that the resistance to flow of water 
in pipes varies less rapidly than the square of the velocity. The 
Tutton formula shows a variation proportional to the 1.73 to the 
1.96 power of the velocity. The Hazen & Williams formula 
shows the variation to be proportional to the 1.853 power of 
the velocity. 

The Hazen & Williams'formula for flow is 

V - 1.32CV (M V M . (81) 

or placing 1.32 C « k, 

V - kr aM S aM . (82) 

V * velocity in feet per second. 

r ®* hydraulic radius = + irD = ^ for a circular pipe, 

D being the diameter. 

« “ slope in which h = difference in head between the 

two ends of the pipe, and l = length of pipe, both in 
feet. 

C is a constant, which has different values for different kinds 
of pipes. 

The average values of the constants C and k are as follows: 
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Table 23. V aloes or C , k and Loo k for Hazen & Williams Formula 
(Values for Open Channels given in Chap. II) 



1- 

1 c 

1 

1- 

i * - 1.32 C 

l 

Log k 

Smooth wood-stave pipes_ 

125 

165 

i 

1 2.2175 

Unplaned wood flumes. 

112 

148 

2.1703 

Smooth concrete. 

130 

172 

2.2355 

Cast-iron pipes, new. 

130 

172 

2.2355 

Rivetted steel pipes, new. 

no 

145 

2.1614 

Rivet ted steel pipes, old. 

100 

132 

2.1206 

Rough, tuberculated iron pipes.. 

40 

53 

1.7243 


to 90 

to 119 

to 2.0755 


From formula (82), and the foregoing table of constants, 
the velocity for any given slope and size of pipe can lx; computed. 

The head required to maintain water flow at a given velocity, 
or the “friction-head loss” in pipes, is computed from the 
following modifications of the Hazen & Williams formula. 


S’TZl.883 

ft 

jyi.itt 

(83) 

IFV 1U3 

1.166 ’ 

(84) 

head loss per foot length of pipe, 
head lost in length, l, of pipe, 
velocity in feet, per second, 
diameter of pipe, in feet, 
a constant. 



Following is a table giving values of constant, F, for various 


kinds of pipes. 

Table 24.—Values or F and Loo F for Hazen & Williams Formula 



F 

1 - 

log F 

Smooth wood-stave pipes. 

0.000392 

4.59302 

Unplaned wooden flumes. 

0.00048 

4.68048 

Smooth concrete j 

Cast-iron pipes—new j 

0.000363 

4.55966 

Rivetted-steel pipes—new. 

0.0005 

4.69481 

Rivetted-steel pipes—old. 

0.0006 

4.77257 

Rough, tuberculated iron pipes. 

0.0032 to 0.00072 

3.50692 to 4.85614 


As an example of the use of these formula, take the following 
conditions: 
















120 HYDRAULIC DEVELOPMENT AND EQUIPMENT 
D = diameter of pipe = 6 ft. 

Kind of pipe; rivetted steei, new. 

I - length of pipe = 1500 ft. 

h m difference elevation between two ends of pipe= 6.3 ft. 
Hydraulic radius, r = ^ = 1.5 ft. 


: 8l ° Pe = l = 1,500 = 0 0042 - 


What is the velocity, in feet per second, through the pine? 
Constant k, from table for rivetted-steel pipe, is 145. ** 

V= 145 X (1.5)° M x (0.0042)°-“ 

log 1.5 = 0.1761 


W.X4U1 A U.Od 


Number corresponding £0 log 0.11094 is 1.291, so that 
(1.5)°'“ = 1.291 
log 0.0042 = 3.62325 

log (0.0042)° “ = 3.62325 X 0.54 = 271653 

Number corresponding to log 2.71653 = 0.0521 
Hence (0.0042)° “ = 0 0521 

IW y. i 45 x 1.29, x „. 052 i , ft . pcr ^ 

algebraic sum. Thus, corresponding to the 

Fori = 145, log k = 
log 1.5 X 0.63 = 


log 0.0042 X 0.54 
Algebraic sum of logs = 


2.1614 
(hi 1094 
2.27234 
-1.28347 
0.98887 


V. <70001 

Number corresponding to log 0.98887 = V = 9 747 ft per see 

„ t? .'TS! 6 f th : ““ 01 the for 

offc»d, trt. the «, length and kind nf pipe ae given to £ 
“““P 1 * “ d « ™ th * velocity of 9.75 ft. per second, 



a 
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Tabus 26.—Friction Loss in New Rivettemtekl Pipes pee 1000 ft. 
and Discharge 

H ” Loss in feet head. Q - Discharge in cubio feet per second . 


Pipe | 
diameter 

JET**! 


Velooitiee in feet per second 



Q -0.7884]l.6708 2.357(3.1415 3.927| 4.7ul S.40s! 6.28 7.068! 7.8M 8.66 9.436 
;ff-0.<0 1.81 3.8j 6.6 9 .861 13.6| 18.00! 23.6 29.41 36.6 42.6 60.0 


Q-1766 3.63 6.29 7.06 ! 8.82 10.80 12.36] 14.12 16.9(17.66 19.4 21.28 
ft—3.12 1.126( 2.396 4.07 ! 6.16 8.46 11.47) 14.7 18.31 22.3 26.66 31.9 


Q >3.14 6.28( 9.41 12.66 16.7 18.85 22.0 26.14 

ff- 0.221 o.so; 1.71 2.91 4.40) 6.2 8.2 10.8 


44.2 49.1 64.0 68.91 
10.08 12.26 14.61 17.2 


-7.07 14.14 21.211 28.28 36.36 42.42 49.49 66.661 63.63] 70.7 77.77 84.84 

-0.139 0.602 1.0621 1.81 2.74 3.84 6.11 6.66| 8.16] 9.9 11.81 18.9 


28.86 38.48! 48.10 87.72 67.341 76.96 86.68; 96.2 106.8! 116.4 
0.887 1.514! 2.29 3.21 4.26| 5.46 6.81) 8.26 9.88 11.6 


48 4.0 0 -12.57 25.14 37.71 60.28! 62.85 ; 75.421 68.0 100.S6i 113.13) 125.7 138.27 160.84 

ff-0.100 0.361 0.766 1.30 1.971 2.70i 3.681 4.71) 6.86 | 7.13 8.61 10.0 

IT 4.5 O -15.9 j 31.8 47.7! 63.6, 79.5 95.41 111.3, 127.2] 143.1 159.0 174.9 190.8 

! ft —0.0867 ) 0.313 0.666 1.132 1.71' 2.34] 3.20 4.09| 6.08 1 6.10 7.40 , 8.67 

60 5.0 !Q -19.63 | 39.281 58.89 ] 78.52 . 98.15 117.78 137.41 i 17 ? ?! 1 

)ft—0.0765) 0.276) 0.686! 1.00) 1.5121 2.07j 2.70 3.61] 4.49 1 6.46 6.62 7.66 

66 5.5 10 -23.76 47.52 71.28 95.04,118.80(142.66 166.32 190.08j213.84;237.8 261.361286.12 

!ff-0.06*5| 0.248 0.526 0.893) 1.354] 1.87] 2.52 ) 3.22 | 4.02 | 4.88 5.84 ] 6.86 

72 ft ft O m 28 27 58 uj b a jii 112 as 141 25,169.62 197.89,226.16.254.43.282.7 311.0 ,339.24 
ff —0.062 0.224] 0.476 | 0.808| 1.226] 1.67] 2.28] 2.O2 I 8.64 ] 4.43 6.28 ; 6.20 

78 6.5 0 - 33.18 66.36] 99.54.132.72,165.90 199.08,232.28 OOlS.wmMjSSl.8 365.0 898.16 

, H-0.0564 0.204 ] 0.433 0.735) 1.113] 1.52] 2.08] 2.66 | 3.32 ] 4.02 4.80 6.64 

84 I 7.0 O -38.48 76.96 115.44 163.92 192.40 230.88 269.36 307.84 346.32 384.® “3.28(461.76 

ft—0.0516 0.186] 0.396) 0.671 1.02j 1.40| 1.90] 2.43] 3.03 8.68 4.40 ; 6.16 



144 ] 12.0 ,0 -113.1 ! 226.2] 339.3 ] 462.4 866.5 
| ff-0.0275 0.0994] 0.211] 0.367; 0.644 


For loss in wood-*Uve pipe, multiply tebuler fizurae by 
For lorn in concrete pipe, multiply tebuler firuree by 
For lose In eeet-lron pipe (new), multiply tebuler Decree 1 
For lose in old riretted pipe, multiply tebuler Dfuree by 


904.8! 1018] 1121 1244 

1.80 1.62 1.96 2.84 
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compute the head lost in forcing the water through it. The 
result should be a check on the first assumed head of 6.3 ft. 
within the limits of accuracy of the constants F. 

The formula is 

J/1.8SJ 

h - FI y- l HS and, for this case, 

F « 0.0005 

l = 1.500 ft. 

V - 9.75 ft. per second. 

D = 6.0 ft. 

log V = log 9.75 = 0.98887 
log V 1! >« = 0.98887 X 1.853 = 1.83138 

log D = log 6 = 0.7782 
log D um = 0.7782 X 1.166 = JK90738 

log >’«•"* - log /;»•>« = 0.92400 

Number corresponding to log 0.92400 is 8.395. 

Hence h = 0.0005 X 1500 X 8.395 = 6.296 or, practically, 
0.0 it. 

table 25 gives the friction head loss in new, rivetted, steel- 
plate pipes per 1000-ft. length of pipe, and the discharge in cubic 
feet per second for various sizes and velocities. 

For convenience in calculating the loss of head for velocities 
other than those given in Table 25, Table 26 of values of func¬ 
tions for various pipe diameters has been computed 
Determination of Size of Pipe.-lf the amount of power to 
be delivered at the water-wheel shaft, and the allowable loss of 
head be known, the proper diameter D, of pipe, is given by the 
formula 

n /33.5A0.38 / l \ 0.206 

Mpff) (85) 

k — factor for specific kind of pipe as given in Table 23. 

P = number of horsepower to be delivered at the water¬ 
wheel shaft (assumed efficiency = 80 per cent.). 

H = total head, in feet, i.e., difference between elevation of 
the water surface at intake and of tail water at discharge. 

* - efficiency of pipe fine expressed as a decimal fraction, 
p « ratio of head lost in pipe line to total head, expressed 
as a decimal fraction of total head. 

* + p ■ 1. 

I - length of pipe in feet. 
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Table 26.—Values or Functions of D fob Fobmulk for Friction Lose 

in Pipes 


Inches 

j D. Feet 

log D 

jlog D X 1.166 

01 IM 

Are* - - 4 
•q. ft. 

12 

: 1.0 

0.00 

; 0.00 

1.000 

0.7854 

18 

! 1.8 

0.-176091 

j 0.205322 

1 604 

1.767 

24 

2.0 

0.301030 

j 0.351001 

2.244 

3.141 

30 

2.5 

j 0.397940 

i 0.463998 

2.911 

4 909 

36 

3.0 

0.477121 

i 0.556333 

3.600 

7.069 

j 

42 

3.6 

0.544068 

i 0.634383 

i 

| 4.309 

1 

| 9.621 

48 

4.0 

0.602060 

1 0.702002 

5.035 

12.57 

54 

4.5 

0 653213 

0.761646 

5.776 

15.90 

60 

5.0 

0.698970 

0.814999 

6.531 

19.63 

66 

5.5 

0.740363 

0.863263 

j 

7.299 

23.76 

72 

6.0 

0.778151 

0.907324 

8.078 

28.27 

78 

6.5 

0.812913 

0.947857 

8.869 

33.18 

' 84 

7.0 

0 845098 

0.985384 

9.669 

38.48 

90 

7.5 1 

0.875061 

1.020321 

10.480 

44.18 

96 

8 0 : 

0.903090 

1.053003 

11.300 

50.27 

102 

8.5 

0.929419 

1.083702 

12.126 

56.75 

108 

9 0 1 

0.954243 

1.112847 

12.961 

63.62 

114 

9.5 

0.977724 

1.140026 

13.802 

70.88 

120 

10.0 j 

1.00000 

1.166000 

14.658 

78.54 

126 

10.5 

1.021189 

1.190706 

15.513 

86.59 

132 

11.0 

1.041393 

1.214264 J 

16.378 ' 

95.03 

138 

11.5 ! 

1.060698 

1.236773 

17.250 ' 

103.9 

144 ; 

12.0 : 

1.079181 

1.258326 i 

18.127 j 

113.1 


This formula is derived as follows. 

The actual head to force the water through the pipe is pH, 
and the net head at the water wheel is H-pH = tH. 

The velocity in the pipe is equal to V = fcr 0 "* 0 

r = hydraulic radius = y ; D = diameter of pipe, in feet. 
The slope is, 

. ■ rD* 

A ■ area of pipe = -j— 
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Q ■» cubic feet of water per second through the pipe =• 


VA mi 




4 
< 2 # 


l / / 


x 


( 86 ) 


P = horsepower = ^ - for a water-wheel efficiency of 80 per 
cent. Hi being the net head at the water wheel = eH. 


Then 


Whence, 


(D\ tM 

/ pH\ «•*« 

w t D* tH 


( 4 / X 

( r) 

x 4-x Jr 

(87) 

/33.5P 

\ 0.88 / 

l \ 0.205 


l ktH 

) X (: 

pH) 

/ —V 

00 

OO 


It is obvious from the derivation, that no allowance is made 
for entry and velocity heads. These are usually negligible for 
pipe lines of any considerable length, and their inclusion in the 
formula would needlessly complicate it. In view of the fact that 
pipes are not constructed to exact, computed dimensions but in 
accordance with standard shop or field practice, which requires 
that the diameter of large pipes be some multiple of % or % ft., 
it is clear that absolute exactness in the computation of pipe 
sizes will not lead to any engineering construction in accordance 
with the mathematical result. If the computed diameter were 
6.32 ft., the nearest standard size above 6.32 would be taken, 
which is 6.5 ft., and this slightly larger pipe would cost less than 
the smaller, odd size. 

An example will illustrate the use of the formula. 

Assume the following conditions: 


P = horsepower to be delivered at the water-wheel shaft = 
1500. 

H = gross head = 80 ft. 

I = length of pipe line = 12,500 ft. Pipe to be of rivetted 
steel plate. Hence, k (from Table 23) = 145 . 

Allow a 4 per cent, loss of the total head in the pipe, giving 
a pipe efficiency of 96 per cent. Then, 

p = 0.04 
« = 0.96 

n = / - 33,5 x 13 ?° \°-“ v I 12,500 
\145 X 0.96 X 80/ x 10.04 x10/ 

- (4.51)« « X (3903) #M ‘ 
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Log 4.51 *= 0.6542 
Log 3903 - 3.5917 

0.6542 X 0.38 - 0.248596 
3.5917 X 0.205 = 0.736298 


Sum = 0.984894 

Number corresponding to log 0.984894 = D = 9.658 ft. 

In practice, this pipe would be made 9.5 ft. in diameter. 
Minimum Size of Pipe.—Occasionally, a limited amount of 
power only, is required and the stream flow, with the available 
head, is capable of delivering considerably more power than is 
demanded. In this case, if a long pipe is necessary to carry the 
water to the water wheels, the problem is to determine the 
smallest size of pipe, and, therefore, the lowest cost pipe which 
will deliver the required power to the water wheels. The ques¬ 
tion of efficiency of the pipe line does not enter into the problem 
because all unused water and the energy in it go to waste. 

The diameter of the smallest size pipe to deliver a given amount 
of power is that in which the loss of head in the pipe is 0.351 
of the total head. By putting p = 0.351 and c =» 0.649 in 
formula (88), the resulting diameter will be the smallest size of 
pipe that will deliver the required power under the given head 
and length of pipe. This relation is derived as follows: 

p _ 9. i n w hich h = pH is the head lost in the pipe. 

By formula (86), 

y — 41.H jib.M 

Whence, 

<"» 

To obtain the maximum power, the derivative of P with re¬ 
spect to A is taken, and equated to zero. 

Casting out the factors which do not involve A, and differen¬ 
tiating, jjj A 0 - 84 (H - A) = 0 ' 

or 0.54HA-" “ - 1.54A 084 . 

Multiplying both sides of the equation by A 0 4 * it becomes 

0.54 H = 1.54A. 

Whence, A =* 0.351 H. 
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Obviously, this is also the condition lor the maximum delivery 
of power through any size of pipe, because the quantity of water 
delivered through a pipe absorbing a friction head of 0.35 1H, 
and this quantity, multiplied by 0.649#, or the net useful head’ 
gives the maximum possible product of these two factors. Under 
the condition of delivery of maximum power, the efficiency of 
the pipe line is only 64.9 per cent., which is much too low for any 
condition except the rare one which has been set forth. The 
delivery of the maximum power must not be confused with high 
efficiency, nor is it the maximum quantity of water the pipe can 
discharge under the given head. This latter condition is, of 
course, attained when the entire head is used to overcome 
friction in the pipe, and to produce the velocity head. Under 
this condition, the velocity head only, is available for power 
and « is very small, while p is very great. Thus, the maximum 
efficiency of the pipe, as a water carrier only, is reached when 
its efficiency as a power carrier reaches its lowest value. 

Velocity Head.—The foregoing discussion of friction-head loss 
in pipes assumes that a certain velocity is maintained throughout 
the length of the pipe. The water must be given this initial 
velocity, and this requires the further expenditure of head, which 


This head may or may not l>e lost. It is lost if the pipe dis¬ 
charges into a pond or forebay, or an open flume. If the pipe 
discharges into a cylindrical wheel chamber, about 50 per cent, 
of this head is lost. If the pipe discharges into a scroll-case 
wheel chamber, only about 10 per cent, of the velocity head is 
lost, while if it discharges through a nozzle against the vanes of 
an impulse wheel, none of this head is lost. 

Under usual, practical conditions, V will be between 4 and 8 
ft. per second, so that h v will be from 0.25 ft. to 1 ft. 

Entrance Head.—In addition to the loss in head due to the 
friction of water conduits, there is the loss due to entrance 
head. Whenever water is drawn through a canal or penstock 
from some large body of water, the particles of water all move 
m toward the mouth of the conduit. This means either the 
starting of the particles from rest, to bring them to the conduit 
entrance, or, possibly, a deflection of them from their path in 
some other direction, which obviously requires the expenditure 
of energy. 
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The entry head is given by the formula 

y» z 1 v 

As ”2 ( ,(c»- 1 ) W 

in which C is an empirical constant, varying with the character 
of the entrance orifice. In Fig. 27 are shown various formB of 

entrance orifices and the corresponding values of C and ^ - 1 

v 

are given on the figure. 

For instance, in Fig. 27a is shown a pipe projecting into the 
reservoir. 

(t‘. - 0 -«•« 


v * 

h 2 = 2~ X 0.93 

Figure 27c shows a bell-mouthed orifice, and the value of 

1 0 06F* 

— 1 for this form is 0.06. Hence, h% - 2g~‘ These 

figures show the importance of making a flared entrance end 
for penstocks in low head developments. As shown by the 
foregoing computations, the entry head required for the in¬ 
wardly projecting, straight tube, is over 15 times as great as for 
a flared end. 

If the velocity were 10 ft. per second through the orifice, 
the loss of head for the inwardly projecting tube would he 

10 * 

64 \ X 0.93 = 1.44 ft. 

while for the bell-shaped end, the loss would be 
10 * 

. 0.06 = 0.093 ft.—a difference of 1.347 ft., which, for a 
64.4 

20-ft. head development, is 6.7 per cent, of the total head. 

Losses Due to Changes in Section.—When the size of a conduit 
is suddenly changed, there is a certain loss of head due to im¬ 
pact and swirls, which goes into heat. If the area be very 
smoothly and gradually increased, there is no perceptible loss. 
Hence, the necessity for long tapers in pipes and flumes when 
the size of the section changes. 

The loss of head due to sudden increase in size is 
, (Vi ~ Vi)* 
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in which Vi * velocity in small section. 

V t - velocity in large section. 

It is to be noted that the loss of head due to sudden increase 
in the size of pipe is an energy loss, but this does not mean 
a net reduction of the pressure inside the larger section equal to 

(V, _ 7,)* 

2 g -As has been explained previously, a reduction in 

velocity is accompanied by a corresponding increase in pressure 
head. Hence, the pressure head pt in the larger pipe will be 


Pt = 


Vi* - Vt* 

2 g 


(Vi-Vp V»(V t - F.) 

2g h Pi = - 


in which 7, = velocity in smaller pipe, 7* = velocity in larger pipe, 
and pi is the pressure head in the smaller pipe. The first term 
of this equation is the net increase in pressure head, due to the 
reduction of the velocity in the enlarged section. The droD in 

(7 J _7,)» * 

head, — ^—, due to the eddy swirls, is a net loss and can not 

be recovered as either pressure or velocity head. 

The loss of head , if the section is suddenly contracted , is 


hi = 


nVi 

2 g 


(92) 


in which n is an empirical constant. 

If A i = area of the smaller pipe, and 

A 2 = area of the larger pipe. 

Then, for different values of the ratio 4--, the following are 

At 

values of n. 1 


Table 27. Values of R for Loss of Head dde to Contraction in Pipes 


■ 











n 









In sudden contraction of the section, the net pressure head in 
the smaller pipe will be 


/7,« _ 7,s\ 

Pi - p, - hr - g g) (93) 

nV * 

hi *= loss of head due to sudden contraction -v- 

2flf 

n - constant from Table 27. 

1 Hos kin's "Hydraulics,” p. 74. 
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Hence 


Pi = Pi + 


*Y(1 - n)-_VY 
2 g 


(94) 


Loss of Head due to Bends.—The data from various experi¬ 
ments to determine the loss of head due to bends, are so conflict¬ 
ing and so limited in range—all experiments, apparently, having 
been made on sizes of pipe below 24 in. in diameter—that it may 
be said that at this time, (1916), no formula has yet been devised 
applicable to power pipe lines and penstocks. 

This deficiency in the available engineering data of the present 
day is not so important as may, at first, appear. It is expensive, 
generally unnecessary, and certainly bad practice to make elbows 
or quick bends in large pipes. The loss in large bends having a 
radius 6 times or more the diameter of the pipe will not differ, 
appreciably, from the friction loss in the same length of straight 
pipe, the length, of course, being measured along the center line 
of the curved section of pipe. 

Computation of Q for System of Varying Cross-section 
If the head lost in any pipe, or system of piping and orifices, 
is hi, with some known or assumed quantity of water Q i passing 
through the pipe or system, and h is the allowable loss of head, 
then the quantity of water Q that the head h will force through 
the pipes is 

Q-Hh) < 96 > 


And conversely, if Qi cu. ft. sec. of water are passed through a 
pipe or system, with loss of head hi, then Q cu. ft. per second will 
require the expenditure of a head 


h 



1.851 


(97) 


For example: If a head of 3.5 ft. is absorbed in causing a dis¬ 
charge of 400 cu. ft., per second, through a series of pipes and 
orifices, the discharge for a 6.5 ft. head will be Q = 400 X 

( 6 5\ o.m 

g g J = 558 cu. ft. per second. Also, if 400 cu. ft. per second 

be passed through a system of piping with an expenditure of 
3.5 ft. head, then the head required to force 558 cu. ft. per second 
through the same system will be 


9 


h 


3.5 X 


/558\ 

\400/ 


6.5 ft. 
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In the case of a number of pipes and orifices, or several varia¬ 
tions in cross-section, a formula for the direct solution of F 
becomes so long that the computation is tedious. The sim p ler 
method is to assume a velocity in one of the sections and find 
the corresponding velocity for each of the other sections. Then 
compute the loss in head for each section and the sum of these 
is the total head required to force water through the system at 
the assumed velocity. Then, by formula (96), the velocity 
for the given head can be determined. 

Thus, for the system indicated in Fig. 54, the computations!, 
would be as follows: 

Assume a canal N, discharging through an orifice M in a 
bulkhead to pipe A, which is 1000 ft. long, from pipe A to pipe 
B, through opening l. Pipe B is 1200 ft. long. From pipe B, 



I'io. 54.—Example of piping system to compute friction losses. 


through opening K into pipe C, which is 2000 ft. long. From 
pipe C, through throat D into pipe E, 500 ft. long, and finally 
discharging from the end of pipe E. 

Assume that the diameters are: throat M, 4 ft., pipe A, 4 ft., 
pipe B, 6 ft., pipe C, 5 ft., E, 3 ft. All pipes of steel plate. 
Then the respective areas and velocity ratios, considering the 
largest opening, or B, as the unit, are as follows: 


Area of M = 12.56 sq. ft. 

Vel. ratio 

= 2.25 

“ “ A = 12.56 sq. ft. 

tt 

tt 

2.25 

" “ B = 28.27 sq. ft. 

tt 

tt 

1.00 

" “ C = 19.63 sq. ft. 

tt 

tt 

1.44 

" E — 7.07 sq. ft. 

tt 

it 

4.00 


Assume a velocity of 1 ft. per second through pipe B. The 
velocities through the other sections of the system are equal to 
the assumed velocity for the largest section, multiplied by the 
velocity ratios, which velocities, in this case, are numerically 
equal to the velocity ratios as given. 
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The velocity head will change for every change in cross- 
section. So in computing the loss due to the velocity head, always 
take its value from the velocity through the discharge end of the 
system. Thus, for the present example, the velocity head to be 
taken is that to give the water the required velocity through 
pipe E which is 
(4)* 

2 g “ ® -23 fr-, which is lost at the discharge end. 

Loss in entry head is 

. (2.25) J „ „ 

* ht = K 2g ' X 0.5 = 0.0393 ft. 

r u a 1200 X 0.0005 X (2.25) 

Loss through, A =- (4)1 ; * = 0.440 ft. 

Loss at L in passing suddenly from pipe of smaller to one of 
greater section is 

(2.25 - 1.00)’ 

2 g 

r • ,. . . n 1200 X 0.0005 X l 1 * 5S 

Loss of head in J3 =- gl 1!a = 0.0743 ft. 

Loss at K, passing suddenly from a large to a small pipe, is 

, 

h = n „ 

2 9 

Ai _ 19.63 
At 28.27 
F 2 = 1.44 

(1 44) J 

Loss of head = 2 g X 0-105 = °- 00338 ft - 

T . .. „ 2000 X 0.0005 X (1.44 ) 1 •* 63 An , 

Loss in section C = — ,. ... -= 0.31 ft. 


= 0.0243 ft. 


= 0.694. n (from table) = 0.105 


Loss in section E = 


" 51.1M 

500 X 0.0005 X (4)> “* 


= 0.91 ft. 


Total loss of head = 2.05728 ft. 

Discharge in cubic feet per second = any area X velocity 
through the area taken = 28.27 X 1 or 7.07 X 4 = 28.27 cu. 
ft. second. 

For any other velocity, loss of head, or rate of discharge, 
the corresponding quantities can be computed from equations 
(96) and (97). 

For instance, if the available head were 5 ft., the quantity 
of water which would pass through the system would be —' 

28.27 X (2 ^ 7 ) = 45.7 cu. ft. per second. 
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Of course, the results from formula (96) will only approximate 
the actual values of Q or h for values oihorQ other than those 
for the assumed velocity, if the losses of head due to orifices, 
entrances and changes in pipe section are appreciable as compared 
with the total loss, because they vary as the square and not as 
the 1.853 power of the velocity. The approximation will be close 
enough, however, in most cases, and a re-computation of the value 
of Q or h, using the approximate value as found from the formula, 
will show how far it departs from the actual, so that one or two 
trial and error calculations will fix the desired value with 
sufficient accuracy. 

If the greater loss is in the factors that are functions of the 
square of the velocity, compute values of Q or h by formula 

«-«■>/£ <» 

instead of formula (96). 



Hydraulic Gradient.—From the conditions of flow, as indi¬ 
cated by the previously given formula), there is a continual 
absorption of head to maintain the flow’, and this is proportional 
to the length of pipe. Hence, if vertical tubes were inserted in 
the pipe, these tubes being spaced along the length of the pipe, 
the height to which the water would rise in any tube would be 
less than in the tubes nearer to the entrance end of the pipe, and 
greater than in any tube farther from the entrance end of the 
pipe. This condition is illustrated in Fig. 55. 
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EF is a pipe, straight or curving, which takes water from a 
stream or reservoir having a water level AC, and the vertical 
tubes o, b, c, d and e are inserted in the main pipe EF. When 
the valve V i 8 closed and no water flows through the pipe, the 
level of the water in each of the tubes will be the same as that 
in the reservoir, namely, up to line CB, and the gross head, H, 
is present at the end of the pipe at V. If, however, F be opened 
and water begins to flow, the level in the tubes will sink, the 
diminution in elevation increasing from tube to tube, taken 
from the reservoir outward. First, there is a drop at the reservoir 


equal to the entry head + velocity head = (1 -f 0.5) ~ The 

decrease in elevation from tube to tube is equal to the head 
up in forcing the water through the length of pipe included 
between the vertical tubes. For instance, the drop in height 
between a and b is equal to the head required to force the water 
through the pipe from tube a to tube b. The total drop in head 
is the difference in elevation between AB and the height of 
water in tube e, which is h / for the whole pipe. The net, work¬ 
ing head is H — k/ — Hi as shown. 

If a straight line be drawn from a point at the edge of the res¬ 
ervoir where the pipe enters, which point is (1 + 0.5) ~ below 

*9 

the surface of the water in the reservoir or stream, to the point 
at the end of the pipe, which is at an elevation equal to the net 
head at that point, this line will be the hydraulic gradient. Also, 
it will, necessarily, pass through the several water levels in the 
vertical tubes. This assumes a pipe in which the cross-section, 
and character of surface are constant. 

Where there are variations in diameter, or pipe surface, 
the hydraulic gradient will be a broken line and is found 
by taking the lengths of pipe in which the conditions are 
constant and calculating the drop in head for each section. 
This gives the decrease in elevation of the gradient line for 
each section. Beginning at the reservoir level and working out 
to the end of the pipe, and making due allowance for change 
in pressure head with changes in velocity, the gradient is easily 
found. 

As an example, illustrating the changes in water pressures 
inside pipes with changes in velocity, and, hence, the variation 
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* • 

in the hydraulic gradient, take the conditions shown in fig. 
56, the head, lengths and sizes of pipe all being given. 

Computing the discharge and the velocities by the methods and 
formulae before given for loss of head, it is found that the dis¬ 
charge, Q, is 81.94 cu. ft. per second. Note that in computing 
the loss due to velocity head for determination of the total 
head lost, take the velocity through the discharge end of the 
system—not that at the entrance. In this case, the velocity 
head is taken for pipe (3). 



The areas of the several sections of the system are: 

Pipe (1), = 7.07 sq.ft. 

Pipe (2), = 38.48 sq. ft. 

Pipe (3), = 3.14 sq. ft. 

The corresponding velocities for a discharge of 81.94 cu. ft. 
per second are 

Through pipe (1), = 11.59 ft. per second. 

Through pipe (2), = 2.131 ft. per second. 

Through pipe (3), ff* = 26.195 ft. per second. 












135 


PIPE LINES AND PENSTOCKS 

• • * 

The d*op in head due to entrance into pipe (1) at a velocity 
of 11.59 ft. sec. is 

. (11.59) 2 „ 

K = 64.4 X °- 5 = 1-0477 ft. 

Velocity head= = 2.0954 

Hence, drop in head at entry to pipe (1) = 3.1431 ft. 
and the vertical distance from the line of water level in the 
reservoir to that in tube a is 3.1413 ft. 

The drop in pipe (1) is h = X 0.0005 X 1000 = 

13.110; which represents the loss in head from tube a to tube b. 
Also, the total loss in head at tube b is the sum of the three drops 
up to that point = 3.143 + 13.110 = 10.253 ft. From pipe 
(1) the water passes into pipe (2) of much larger cross-section, 
but as it is led in through a taper connection, there is no loss 
of head due to sudden change in pipe sizes. 

The velocity head for the water entering pipe (2) is - 2 ' 1 , 3 * ~ = 

64.4 

0.756 ft. 

Velocity head in water emerging from pipe (1) = 2.0954 ft. 
Hence, change in pressure on entering pipe (2) = 

2.0954 — 0.756 = 1.3394, or practically, 1.34 ft. 

Since the velocity head in pipe (2) is reduced, the change 
in pressure is added to the pressure head in pipe (2), so that the 
.head drop at the entrance of pipe (2) is 

16.253 - 1.34 = 14.893 ft. 

The drop through pipe (2) is 0.0005 X 1200 X v 'pi.m — = 

0.252 ft. This makes the total decrease in head at the lower 
end of pipe (2) = 14.893 + 0.252 = 15.145 ft. 

26 195 

The velocity head at entrance of pipe (3) is ^ = 10.655 ft. 

Velocity head in water on emerging from pipe (2) is 0.756 ft. 
Additional velocity head required for entry of water into 
pipe (3) is 10.655 - 0.756 = 9.899 ft. 

Hence, total drop in head to tube e is 15.145 + 9.899 ■» 
25.044 ft. 

Drop in head through pipe (3) is 

___-_(26.196)»-« 
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Total drop in head = 25.044 + 75.G = 100.644 ft., which is 
within 0.7 per cent, of the given head of 100 ft. 

The water discharges at the velocity it had in the last section 
of pipe through which it passed. Hence, in this case, it emerges 
at a velocity of 26.195 ft. per second, corresponding to a head of 
10.655 ft., which is the pressure at the lower end of the pipe. 

The series of broken lines passing through the water surfaces 
in each of the vertical tubes is the hydraulic gradient for this 
series of pipes. Obviously, the hydraulic gradient is the graphical 
representation of the internal pressures in the pipes at any 
point. 

It is important to observe that under no condition is it possible 
to abstract the total head within the limit of the pipe itself. 
Whatever the velocity within the last section of pipe through 
which it passes, the water emerges from the end of the pipe 
carrying in it that same velocity and the equivalent head. 



Obviously, the greater the area of the last section of pipe, the 
less will be the head lost in velocity of emergence. This is the 
reason why draft tubes are “flared,” or tapered, so that the 
cross-section at the lower end is considerably greater than at 
the throat, where the tube joins the draft chest. 

The pipe can not lie above the hydraulic gradient without a 
considerable loss of head or velocity, except in the case of the 
siphon, to be noted later. 

In Fig. 57, consider ED as the hydraulic gradient from E to D 
which would obtain for a straight pipe. If the pipe is laid so 
that it rises above the normal hydraulic gradient, as indicated 
at K, the conditions now become changed. The difference in 
elevation between AB and K, fixes a new hydraulic gradient for 
this section of pipe, and the flow is proportional to this head. 
The total head from E to D does not influence the rate of flow, 
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except in the case of a siphon. That portion of the pipe from 
K to D acts merely as a channel conveying the water away 
from K, just as an open flume would. This condition, however, 
does not occur if the vertical distance from the top of K down 
to the gradient line is less than 25 ft., and means are provided 
to abstract the air from the upward bend as it accumulates. 
In this latter case, the bend forms a siphon, and its presence 
does not change the position or inclination of the gradient. 

An air pump or ejector connected into the top of the bend 
is necessary to remove the air which, entrained in the water, is 
released in the vertex of the bend and destroys the vacuum which 
is required for siphon action. 

Pipe Lines. —In determining the size of a pipe line or penstock, 
the character of load, the kind of water wheels which are to be 
supplied and whether the penstocks deliver water directly to 
the wheels or terminate in a settling basin, are all factors requir¬ 
ing consideration. Where the load on water wheels fluctuates 
greatly, it is best to choose a size of pipe that will give a good 
average efficiency which diminishes at the time of the load 
peak. The peak usually lasts but a short while and it is not 
wise to make an investment in a penstock on which interest 
and depreciation continue for 24 hr. in the day, to obtain a 
high efficiency for or 2 hr. per day. 

With scroll-ease water wheels and jet impulse wheels, the 
energy in the water due to its velocity is made use of in the 
production of power, which is not the case with ordinary re¬ 
action turbines in cylindrical casings. Therefore, for the latter 
kind of wheel, a high penstock velocity produces a loss of energy, 
which the first two types of wheels do not experience. Also, the 
greater the velocity of the water in the penstocks, the greater 
are the difficulties of speed control, as is pointed out else¬ 
where in this work. In any event, the greater the speed of 
the water, the greater is the loss of head, as has been shown. 

Stresses in Pipes. —The forces acting to distort or rupture 
pipes are: 

1. Bursting, due to internal pressure. 

2. Collapse, due to formation of a partial vacuum in the 
pipe and consequent unbalanced external pressure. 

3. Rupture, due to sliding on hillsides. 

4. Breaking, due to flexure stresses when the pipe is carried 
on supports spaced along the line. 
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5. Rupture, due to expansion and contraction with tem¬ 
perature changes. 

Bunting of Pipes. —The pressure tending to burst a pipe is 

P» = pD lb. per foot length, Pt being the total internal 
pressure. 

p = internal pressure, per square foot, = 62.5//. 

D = diameter of pipe, in feet. 

This internal pressure is resisted by the walls of the pipe, or, 
in the case of wood-stave and reinforced-concrete pipes, by the 
steel hoops. 

Since there are two walls, or two cross-sections of each hoop 
for a section through the pipe, each side of the pipe must resist 
one-half the pressure. 

• . v L) 

Tension in each wall = ^ lb. per foot length. 

Each wall must, therefore, have a cross-section of steel to 
resist this pressure, with the factor of safety adopted. 

For rivetted steel pipe, the strength of rivetted joints must 
be taken into consideration. This, for single-rivetted, longi¬ 
tudinal joints, is about 70 per cent, of the strength of the 
plate, and for doublc-rivetted, lap joints, 85 per cent. Calling 
the percentage of joint strength <*>, then, for steel penstocks, 
pD 


V2tS<t> 


(99) 


and 


t = 


pi) 

24 Si ( i0 °) 

D = diameter of pipe in feet. 
t — thickness of metal in inches. 

S = allowable stress in metal in lb. per square inch. 

A good, safe value for <S is 15,000, provided the pipe is never 
subjected to abnormal heads or shock from water hammer. 

As an example, consider a 9-ft,. diameter penstock with single- 
rivetted joints and subjected to a 100-ft. head. 

P = 100 X 62.5 = 6250 lb. per square foot. 

* = 0.70. 

pD 6250 X 9 „ 

2 = - 2 ~ = 28,12;* lb. |>er foot length. 

6250 X 9 


t 


24 X 15,000 X 0.70 


= 0.223 in. 
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Hub is, of course, too thin for durability and mechanical 
requirements. A 9-ft. pipe should have a thickness of not leas 
than JKe hr. which is, practically, 40 per cent, greater than the 
thickness required for resistance to bursting. 

With heads less than 150 ft., the thickness of metal required 
for strength is always less than that necessary for durability, 
and the arbitrary values of }■£ in. for pipes up to 5 ft. in diameter 
and to % in. for larger size pipes are taken as the minimum 
thicknesses of the plates. 

Unless provision is made to prevent shocks due to water 
hammer, penstocks are frequently subjected to stresses, which 
are greatly in excess of the normal stresses due to the static 
head, as is more specifically set forth in Chap. XI. The usual 
methods of providing against this are three in number, viz., 
relief valves, surge tanks, and air chambers. 

Relief valves are of two kinds, namely, the plain pressure 
type and the mechanically operated kind. The pressure valve 
is simply a large valve made in the same fashion as the pop 
safety valve for steam boilers. Generally, a number of these 
valves are required in order to obtain a sufficiently great area 
of opening to give actual relief in case of surges in the penstock. 
As a rough approximation, the area of relief valves should be not 
less than one-third the area of the penstock cross-section, and 
more than this, under certain conditions discussed in Chap. XI. 

The objection to valves of this kind is that they occasionally 
“stick” and do not open, and their manner of quick, spring¬ 
closing produces surges in the penstock pressure. They are, 
however, far better than no relief valve at all. 

Mechanically operated relief valves are of two kinds. One form 
is actuated by a mechanism which operates the valve when the 
pressure in the penstock rises above normal, while the other kind 
is moved by the water-wheel governor. One of the varieties of 
the former type of valve is made as indicated in Fig. 58. It 
consists of a main relief valve which is arranged to close under 
pressure. The valve itself is a hollow cylinder, closed at one 
end by a conically shaped cap. This is free to move in a 
horizontal direction, and, in the position shown in the draw¬ 
ing, is closed. As it slides toward the left, there is a clear 
opening from the flange marked “Connection to penstock,” 
down to the flange marked “Discharge to draft tube.” The 
diameter of the annular-shaped valve seat is less than the total 
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diameter of the moving valve. Therefore, when the unit 
pressures on the two sides- of the valve are equal, the total 
pressures will be unequal, the greater pressure being in the 
direction to move the valve to closed position. A small pipe, 



connecting with the penstock, leads to the left-hand side of 
the casing and keeps the inside pressure equal to the pressure on 
the front face of the valve which is, thereby, maintained in a 
closed position. An auxiliary valve, called the relieving valve, 




PIPE LINES AND PENSTOCKS 


141 


the area of which is greater than the small pressure pipe leading 
to the penstock, is placed in the left-hand side of the casing, 
and when this valve is open, the internal pressure is- relieved 
by the water discharging through it and passing into the dis¬ 
charge pipe. Therefore, when the relieving valve is open, the 
interior pressure falls, the pressure against the face of the valve 
becomes the greater, and the valve slides toward the left, giving 
a clear passage from the penstock to the discharge. 

The relieving valve has its position fixed by a device which is 
responsive to pressure changes, anil which is shown in the figure 
mounted on the floor above the valve. This is simply a dia¬ 
phragm which has a pipe connection to the penstock, and the 
penstock pressure tends to move the diaphragm and, with it, 
the lever attached to the metal joint on it. This tendency 
to move is opposed by a tension spring which is also attached 
to the lever and tends to move it in a direction opposite to that 
in which the diaphragm tends to move. The area of the dia¬ 
phragm and the tension of the spring are so adjusted that the 
force of the spring is greater than that of the diaphragm, under 
normal conditions of penstock pressure, and the lever is held in 
its downward position. The relieving valve is connected through 
a valve rod, bell crank and vertical operating rod, to a small 
piston working in a cylinder located at the upper end of the 
pedestal of the pressure control device. This piston is nor¬ 
mally held downward by fluid pressure, either by oil from the 
pressure chamber of the water-wheel governor, or water pres¬ 
sure direct from the penstock. If the pressure on this control 
cylinder be released, it is obvious that the relieving valve will 
open, due to the internal pressure in the casing of the,main 
valve. Upward movement of the pressure-controlled diaphragm 
operates a small relay valve which admits the liquid under 
pressure to the small operating cylinder, or allows it to dis¬ 
charge from the cylinder. Upward movement of this relay 
valve, caused by increase in penstock pressure, closes the supply 
port and opens the discharge port of the operating cylinder, 
thereby relieving the pressure in it. The relieving valve opens, 
the main valve then follows and the excess pressure in the pen¬ 
stock is brought down to normal. The converse of these 
operations then follows. When the relieving valve is closed, 
the valve can not close immediately and produce shock, 
because of the velocity of the water moving through the opening. 
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Therefore, the movement to close is gradual. The rapidity of 
operation of these valves is considerably greater than would be 
supposed from this description, and they are reasonably satis¬ 
factory for the purpose they are intended to serve. 

The best form of mechanically operated relief valve is one in 
which the water-wheel governor moves the valve to open it when 
the main turbine gates are moved toward closing position. As 
long as the movement of the main gates continues, opening of the 
relief valve also continues. When the governor comes to rest 
and the main water-wheel gates have been moved to their final 
position to accord with the change in load, the relief valve begins 
to return to its normal closed position, but it moves slowly, back 
to the point from which it was quickly moved by the governor, 
and the time element of the device is such that the column 
of moving water in the pipe is retarded so gradually that no 
appreciable rise in pressure occurs. This device is described 
in the discussion of “Speed Regulation of Water Wheels," 
Chap. XI. 

Surge tanks are elevated tanks connected to the penstock by 
vertical pipes, the height of the top of the tank being greater 
than the elevation of the water in the reservoir from which the 
penstock draws its supply. Sudden increases of pressure in the 
penstock elevate the column of water in the tank while sudden 
decreases in pressure arc compensated for by a momentary 
supply from the tank. 

Since the height of the tank is somewhat greater than the 
total head on the power plant, such tanks arc not well adapted 
for installations where the head is in excess of 200 ft. 

Air chambers, as the name indicates, are large air-tight vessels 
which are directly connected with the penstock and are kept 
full of air which, normally, is under a pressure equal to the static 
head. The elasticity of the air compensates for variations in 
pressure in the penstock. They are not satisfactory in practice. 
It requires such large chambers to provide any reasonable 
degree of compensation for water hammer, that other means are 
cheaper and preferable. 

Collapse of Pipes. —Where the profile of a pipe line is such 
that a long and steep incline occurs near the power station, 
and there is a considerable length of pipe, say 80 ft., or more, 
extending back beyond the bend which the pipe makes in turn¬ 
ing downward, there is danger of collapse of the penstock, 
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unless it be designed to resist external pressure. This arises 
from the fact that a rapid opening of the water-wheel gates will 
allow that portion of the water column in the inclined portion of 
the penstock to accelerate rapidly, and this will cause a separa¬ 
tion of the column of water at the bend, because the mass of 
water in the horizontal, or slightly inclined, portion can not 
accelerate as quickly as that in the steeply inclined section. 
Separation of a column of water means that a vacuum will be 
formed in the pipe, and the external air pressure may cause its 
collapse. Therefore, the strength of the penstock must be such 
as to resist this external pressure, or means must be provided to 
prevent its occurrence. 

Collapse may be prevented by air valves, or vent pipes, placed 
at, or near, the bend where the penst ock takes its steep, downward 
inclination. These air valves are simply a special form of spring 
closing check valve that opens inwardly and which is held in 
place by the springs and the pressure of the water. 

Vent pipes are vertical pipes which are connected to the 
penstock and are open at the top, being, in effect, a form of very 
small surge tank. These must be sufficiently high to have 
their upper ends 4 to 10 ft. above the elevation of the reservoir 
from which the penstock receives its supply. Vent pipes are, 
therefore, not well suited to the conditions where the head on the 
penstock at the bend E is over 00 ft. (See Fig. 230.) 

There is no rational formula for the computation of 
strength of a pipe to prevent collapse, and the conditions 
make it practically impossible to obtain any but an empirical 
formula. 

No large, thin-walled metal tube is truly circular in cross- 
section when installed, but varies more or less from true round¬ 
ness. Even if it were exactly circular when constructed, its 
own weight, and that of the contained water would cause it 
to flatten slightly and take an elliptical form, the vertical diame¬ 
ter being shorter than the horizontal diameter. This distor¬ 
tion makes the pipe easier to collapse, but without a definite 
known ratio between the major and minor axes of the flattened 
circle, no rational mathematical formula is possible. 

Of empirical formulae there are very few, and no experiments 
been conducted on pipes of greater diameter than 12 in., up 
to this time (1916). 
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The formula which appears most nearly to approach the facts 
is that of Carman, Carr and Stewart, which is 

Pi ~ Pi = 50,200,000 X (j) ’ (101) 

Pi = internal pressure in lb. per square inch. 

Pt = external pressure in lb. per square inch. 
t = thickness of pipe wall in inches. 
d = diameter of pij>e in inches. 

Based on this formula, the following table has been computed. 1 

Table 28.—Pipes of Various Thicknesses and Diameters Which Will 
__Fail under the Given Pressure Difference 


Pt — Pi lb. j«*r 


Least diameter of pipe which will collapse 


sq in. 

<1 

- 

— 

- - - 


1 

1 

‘ - M 

i t - &u 

| < “ H 

14.7 

10.0 

9.0 

8.0 

7.0 

0 0066 , 

| 0.0059 

0.0056' 

| 0 0054 
( 0 0051 

38 0 

47 5 

44.5 

46.5 

48.5 

47.5 

53.0 

56.0 

58.0 

61.3 

57.0 

64.0 

67,5 

70.0 

73.0 

0.0 

5.0 

4.0 

3.0 

2 0 

! 0.0049 

I 0.0046 
0.0043 ; 

0 0039 
0.0034 

, j 

51.5 

54.5 ! 
59.0 

64.5 ! 
74 0 j 

64.0 

68 0 
73.0 
80.0 
92.0 

77.0 

82.0 

88.0 

97.0 

111.0 

1.0 

0 5 

! 0.0027 

i 0 0021 

93.0 

117.0 

116.0 j 

149.0 | 

139.0 

176.0 


between the'outsilL ^ ^ tHat appreciable differences 

e outside and inside pressures must be avoided 

rate of e oneni Ch r a T ° f T'T inside the pipe de P“d S on the 
rate of opening the water-wheel gates, this subject is furthpr 

Reguiati ° n ° f water wheels.” 
steel-plate nii£ ’ th nS , tead of nvettin 8 the longitudinal seams in 
ioS fs m / k hC ° Ck ' bar J0int is some times used. This 

£L1tWelr V *K PSe1 g thG abuttinK edges of the that 

£“ ^ ^ ° tber PMt ° f its -d these 

upset edges fit into grooves made on the two opposite edees of a 

°r *j! np ot •“ ' ,hich h “ * 

fcager 4 Seeley, Eng. Record, vol. 09, No. 21. 
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2)4 times the thickness of the plate. This longitudinal con¬ 
necting strip with the edges of the plate inserted in the grooves, 
is squeezed together under heavy pressure, so that the metal of 
the holding strip is pressed firmly against the edges of the plate, 
thereby forming a strong mechanical and water-tight, longitudinal 
joint. Fig. 59 shows a cross-section of this joint. It is churned 
that the strength of lock-bar joints is greater than that of 


ordinary rivet ted joints, and the work¬ 
ing strength may be taken at 90 per 
cent, of the strength of the solid 
plates. 

Welded Joints.—For high heads, 
where the thickness of the pipe be- 



Fio. 69.—Joint of lock-bar 
pipe. 


comes considerable, that is, 1 in. or greater, it is frequently 


found more economical to weld the longitudinal seams instead 


of rivetting them, and in high-head developments, welded pipe 
is frequently used. The connections between various sections 
of welded pipe are usually made with heavy flanges which are 
also welded to the ends of the pipe sections. Fig. 60 shows a 


form of flange connection which has been successfully used. 



Fio. 90.—Joint used for penstocks. 


Penstock Supports.—It often becomes necessary to support 
penstocks at an elevation above the ground surface, in which case, 
saddles made up as indicated in Fig. 61 are generally used. They 
may be of steel if the cost is less than that of concrete. Steel 
supports are made up of angles and gusset plates. These may 
rest on steel columns or concrete piers, as conditions may dictate. 

To determine the proper distances apart of these supports, the 
penstock is treated as a continuous girder, except at the two 
10 
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ends, where it is considered as a beam supported at one end and 
cantilevered at the other end. 

When a penstock is supported at intervals, and bridges across 
from one support to the next, the stresses set up in the material 
of the pipe are those due to the tensile stress on the under side 
and the compressive stress on the upper side of the pipe produced 
by the flexure, due to the weight of penstock and the contained 
water therein. 

The formula for allowable length between supports, where the 
pipe acts as a continuous girder, is 



At the ends of the pipe, or wherever expansion joints are placed, 
the pipe does not act as a continuous girder and, therefore, the 



Fin. 61.—Concrete penstock cradle. 


allowable span will be less. For these positions, the length of 
Bpan will be 

, fMS 

1 = yJrjw u<») 

S = Maximum fibre stress in lb. per square in. 

I *= length between supports, in feet. 

M = section modulus = moment of inertia of section 

radius of pipe, in inches 

W m weight of pipe and water contained in it, per foot length. 
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The moment of inertia for tubes, or any hollow cylinder, about 
a diametrical axis perpendicular to its length is 

T r(D,«-D,«) 

64 ' 

and the section modulus is 

(104) 

if _ ~ iV) 

M - 32 Ih 

in which D\ — outer diameter, in inches and 

Dt = inner diameter, in inches. 

Formula 102 and 103 are derived as follows: 
The bending moment for continuous beams is 
Wl* 

~j7jr pound-feet = 117* pound-inches, in which 

(105) 

IF = weight 

in pounds per foot length, and l = length of span in feet. If 
S = the maximum fiber stress in pounds, per square inch, and 
M is the section modulus, 

117'- = .If,S' 

(106) 

,, Wl 2 

~ M 

(107) 

' - # 

(102) 


The bending moment for beams of which one end is simply 
supported and the other end is a portion of a continuous girder, ia 


” 0 - Ib.-ft. = 1.2117* lb.-in. 

whence 

. I MS ; , 

1 = \ 1 . 211 ' ( 103 > 


from which it is clear that for the same conditions of loading and 
unit stress in the material of the beam, the length between spans 


is 1 


1 


Vl.2 


, or 10 per cent, less than for a continuous girder. 


As an example of the use of this formula, consider the following 
conditions: 


Diameter of penstock. 7 ft. 

Thickness of plate. in. 

Head on penstock. 100 ft. 

Allowable stress in steel. 10,000 lb. per square inch 
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The actual working stress is taken at 60 per cent, of the 
allowable stress in the steel, to compensate for the weakness 
of the rivetted girth joints, the strength of which is about 60 
per cent, of that of the steel plate. The spacing between the 
supports, at the ends of the penstock and the next adjacent 
ones, should be only 90 per cent, of the spacing as found from 
formula 103. 

Then S = 60 per cent, of 10,000 = 6000 lb. per square inch. 

w = Wt + Wz, in which W, = weight of water, per foot 
length, and W t = weight of penstock, per foot length. 


rX(7) 


Area of penstock cross-section = ^ 


- = 38.5 sq. ft. 


Weight of water, per foot length, = 62.5 X 38.5 = 2406 lb. 
W% = rDt X 43.5, in which, 43.5 is the weight of 1 sq. ft. of 
steel plate, 1 in. in thickness, including lap and rivets, and t = 
thickness of steel plate in inches. 

Wt, for this case, = ir X 7 X 0.5 X 43.5 = 478.5, or prac¬ 
tically, 478 lb. per foot. 

W = Wt + Wt = 2881 lb. 




'6000 X 2788 


2884 


= 76.2 ft. 


This value is for distance between supports over which the 
penstock acts as a continuous beam. At the ends the distance 
between supports is 90 per cent, of this amount, or 68.6 ft. 

It is the opinion of the author that if supports for penstocks 
are placed as far apart as these formula) indicate, the total reac¬ 
tion at the supports will he too great and, possibly, will cause 
the pipe to collapse. In view of the lack of definite information 
concerning the resistance of pipes to collapse, this statement 
can l>e taken as an opinion only. Based on it, however, the 
actual span should never exceed 60 per cent, of that which the 
pipe will safely stand when considered as a girder. If conditions 
of crossing ravines or streams should require that the span be as 
great as the pipe will safely stand, heavy angle-iron reinforcing 
rings should be rivetted around the circumference of the pipe at 
the points of support, in order to prevent possible deformation. 
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Also, the pipe should be given an upward camber of approxi¬ 
mately 4 per cent, of the span. 

Anchoring. Penstocks must be firmly anchored on hillsides, 
and whether horizontal or inclined, they must be anchored at the 
end where they connect with the turbine cases; otherwise, there 
is danger of the expansion and contraction of the penstock pulling 
the turbine out of line and thereby making the units inoperative. 
Actual instances of this kind have come before the author’s notice. 

The method of anchoring on hillsides varies, but one of the 
best is to rivet two angle-iron rings around the outside of the 
pipe at the point of anchorage, the section of which angles should 
be from 3 by 3 to by 4}/%, depending on the size of pipe, 



Fig. 62.—Concrete anchoring cradles. 


the angle it makes with the horizontal, and the distance between 
successive anchorages. The pipe is then temporarily supported 
and a mass of concrete, resting on a good foundation, is cast 
aroqnd the pipe and the rings. This concrete saddle should 
extend upward a distance of from 8 to 12 in. above top of pipe, 
should project about an equal amount on either side and extend, 
axially, along the pipe a distance of from 2 to 3 ft. Where the 
profile of the pipe line is such that frequent anchorages are nec¬ 
essary, the two angle-iron rings may extend only halfway around 
the pipe, and the concrete saddle cast to a height equal to one-half 
the pipe diameter and not completely surrounding the pipe. 
These forms of anchorage are depicted in Fig. 62. 

Another method of anchoring is by means of Bteel bare which 
are connected to the penstock by lugs on heavy plates, which 
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plates are rivetted to the penstock, one being placed on each 
side. The bars pass through the lugs and are held by nuts on 
the end of the bar which is threaded to receive them. The 
anchor end of the bars is fastened by a pin joint to an iron anchor, 
which latter is a vertically set iron bar, sunk into a drill hole in 
the rock and firmly grouted in. This anchor carries the mating 
half of the pin joint that works with that on the end of the bar 
connected to the lug, as shown in Fig. 63. 

This form of anchorage is particularly suitable for remote 
districts where the transportation of concrete materials is difficult 
and expensive. 



Expansion Joints.—In the case of long penstocks, that is where 
the length exceeds 150 ft., expansion joints should be pro¬ 
vided to com pen.sate for the changes in length due to the changes 
in temperature. There are many forms of expansion joints, 
but the simplest and best for low and moderate heads is made up 
as indicated in Fig. 64. 

As shown, this is made up of a circular ring that is formed of a 
channel, or of a 2 by 2 in. square iron bar, and on either side 
of which is rivetted a flat disk of steel plate. These disks should 
be as thin as the head to which they are subjected, will allow. 
Centrally located holes are cut in the disks and the holes flanged, 
the flanges being formed either directly from the metal of the disk 
itself,or made by rivetting angle rings around the edge of the holes. 
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These flanges form a connection for the penstock ends, which arc 
fastened thereto. When the length of the penstock changes, 
due to change in temperature, the disks simply buckle in or out 
like the bottom of an oil can. The inside diameter of the ring 
should be from 32 to 48 in. greater in diameter than that of the 
penstocks, the smaller figure being suitable for pipes up to 5 
ft., and the larger one for pipes up to 10 ft. in diameter; and in 
between these sizes the diameter of the expansion joint ring varies 
proportionately with the penstock diameter. The number of ex¬ 
pansion joints necessary in a line of steel pipe depends on the 


A -— ; 



variations in the temperature that the pipe will be subjected 
to and, also, on the path of the pipe. If the pipe is straight, all 
the expansion must be compensated for. If the pipe line is 
crooked, the bends in it wall partially, or wholly, take care of the 
changes in length. No rules can be given for the placing of ex¬ 
pansion joints in curved pipe lines. Only experience and judg¬ 
ment can be relied on in such cases. For straight pipe lines, 
allow a coefficient of longitudinal expansion of 0.0000068 per 
degree F. Thus, a pipe 1000 ft. long, and subjected to a tem¬ 
perature range of 60°, changes its length. 
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1,000 X 60 X 0.0000068 = 0.0408 ft. = 0.4896 in. or, prac¬ 
tically, % in. 

An expansion joint, such as shown in Fig. 64, will allow a move¬ 
ment of each side diaphragm of from % to % in., depending on 
the size of the diaphragms. Hence, the total movement of the 
two diaphragms is from % to 1J4 in. One expansion joint in 
the middle of a 1,000-ft. pipe line would be ample to take up 
all changes in length that might be anticipated if the pipe could 
slide easily in its supports, or on the ground. Owing to the 
resistance to motion, the expansion joints should be spaced not 
farther apart than 350 ft. 

Shipping and Erection.—Penstock sections, up to 60 in. 
in diameter, can be shop-rivctted, shipped and handled in lengths 
up to 30 ft., and the field rivetting required is only that of the 
circumferential joints at 30-ft. intervals. Above 60 in., and up 
to 96 in., the sections are best handled in 10-ft. lengths loaded 
on a car, on end. Sizes larger than this are usually shipped from 
the works in the form of bent plates with rivet holes punched, and 
the entire rivetting is done in the field. 

An air compressor with tank should be provided in every case, 
and air hammers used for the field work. If the rivetting is done 
by hand hammers, the cost will greatly exceed that done with air 
hammers. 

Painting.—After erection, the metal should be well cleaned 
and painted. Some engineers recommend the use of an air 
blast for cleaning, but this is an unnecessary and expensive proc¬ 
ess. The first coating should be of boiled linseed oil, after 
which two coats of some good protective paint should be applied. 
This paint may be any standard metallic paint or some of the 
trade preparations of liquid cement. If the penstock is kept 
always well painted, and the water passing through it carries 
no sand or abrasives, its life will be much longer than that which 
sheet steel usually has—say from 40 to 50 years of service for 
a %-in. thickness of metal. 

Drains.—Penstocks must be arranged to drain all of the water 
out of them. Usually, no special provision has to be made for 
this purpose, as the pipe generally slopes continuously down 
from the forebay to the water wheels. In some cases, how¬ 
ever, where long pipe lines follow the contour of the ground, there 
will be vertical bends which form low points in the line, and 
these will not drain, completely, to the discharge end of the 
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pipe. In such cases, drain pipes with valves, should be placed 
in the lowest points of the pipe. 

Costs. The cost of penstocks varies, of course, with the market 
price of steel plate, but the following are fair average values: 
covering the shop-rivetted sections with all necessary field rivets 
delivered on the ground (1912-1913). 

Three and one-half to 4)4 ets. per pound, for long straight 
runs, and 4)4 to 6 cts. per pound, for bends and expansion joints, 
where the tonnage is considerable and the distance of transpor¬ 
tation from the shop to the water power site is short. 

Where the distance of transportation is long, and there 
are difficulties of distribution of the pijH* sections along the line 
that the pipe is to follow, the cost will run from 4 to 5 cts. per 
pound, for straight runs, and from 5)4 to 7 cts. per pound, for 
elbows and expansion joints. 

Pipe Branches.—When branches arc to be taken from the pipe 
line they should be made with their axes at an angle of from 45° 
to 60° with the axis of the main supply pipe. There is a con¬ 
siderable loss in head when abrupt changes in the direction of 
flow of the water occur, as when branches are taken off with 
their axes at right angles to the axis of the main supply pipe. 
There is an appreciable saving in pressure head effected by 
making the branches at an acute angle with the axis of the pen¬ 
stock. The size of the penstock should decrease after passing 
each branch, the amount of decrease in the area being equal to 
the area of the branch pipe. 

Reinforced-concrete Penstocks.—Pipes of concrete, reinforced 
by steel hoops to resist the internal pressure, are now (1910), 
coming into commercial use. Such pipes possess certain ad¬ 
vantages over steel or wood pipes, the principal ones being that 
the coefficient of frictional resistance to flow is less than for steel 
pipes; they are permanent and require no expense for mainte¬ 
nance or repairs if properly constructed; the materials can be 
easily transported in unit quantities of any desired size and 
weight, which makes the distribution of materials possible with¬ 
out derricks, pulleys or tackle, even where the country is mount¬ 
ainous and the handling of heavy weights difficult; the cost is 
usually less than that of equivalent steel pipes, and not greatly 
in excess of the cost of wood-stave pipe. Unless carefully made, 
thoroughly water-proofed, and strongly reinforced with steel, 
concrete pipeB, under pressure, will leak and crack. 
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The materials are sand and cement with the addition of gravel 
or broken stone. The proper proportions of mixture and methods 
of determining them are as given in Chap. VII. Hydrated lime 
Should be added to the concrete to make it waterproof, or some 
standard waterproofing mixture should be used. The amount 
of hydrated lime to be added is from 8 to 10 per cent, of the 
amount of cement used, the proportion being by weight. 

In computing the strength and spacing of the reinforcing hoops, 
it should be remembered that the stress allowed in the steel 
should be low—not above 12,000 lb. per square inch, for twisted 
bars, or 10,000 lb. per square inch, for untwisted bars. The 
reason for this lies in the fact that while the steel is amply strong 
to resist much greater stresses, the concrete will crack if the 
steel undergoes any appreciable extension, even within its clastic 
limit. For pipes subject to light pressures—up to 20-ft. head— 
wire mesh makes the most satisfactory reinforcement, and for 
pipes to carry greater pressures, wire mesh should also be used, 
the necessary amount of reinforcement being added. The mesh 
prevents the formation of cracks and considerably improves the 
whole construction. 

Thickness of concrete should be 


Head 

0 to 10 ft. 
10 to 20 ft. 
20 to 40 ft. 
40 to 60 ft. 
60 to 80 ft. 
80 to 100 ft. 
100 to 150 ft. 


Thickness 

5 in. 

6 in. 

8 in. 

10 in. 

14 in. 

18 in. 

20 to 24 in. 


Formula for cross-section of reinforcing hoops is 


62 MID - 


2 SA 
d ' 


62.5 HDd 
2 S 


(108) 

(109) 


For S = 10,000 lb. per square inch, A = 0.003125 #Dd (110) 
iu which 

A = cross-sectional area of hoop, in square inches. 

H — head on sect ion of pipe, in feet. 

D = inside diameter of pipe, in feet. 
d *■ distance apart of hoops, in feet. 
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Ab an example, consider the design of a reinforeed-conerote 
penstock, 8 ft. in diameter, under 18-ft. head at its upper end and 
125-ft. head at its lower end: 

Thickness of concrete under 18-ft. head = 6 in. 

Take S = 10,000 lb. per square inch. 

A = 0.003125 X 18 X 8 = 0.45 sq. in. steel, per foot length. 
If J^-in. round rods are used, having a cross-sectional area of 

0 1963 

0.1963 sq. in., the spacing will be = 0.436 ft., or 5J4 in. 

For 125-ft. head, the spacing of the hoops should be about 
4 in. = 0.333 ft., and the cross-section j>er hoop becomes 

0.003125 X 125 X 8 X 0.333 = 1.041 sq. in. 

In this case, a 1-in. square rod would give a sufficient area. 

The thickness of concrete, at 125-ft. head, should be not less 
than 20 in. The thickness of concrete is to prevent cracking 
and leakage and is not depended on to give any tensile strength. 

The hoops should be placed near the outside of the shell— 
from 4 to 8 in. from the outside surface. 

Longitudinal construction bars must also be used which are 
placed, lengthwise, around the circumference of the pipe. These 
should be not less than 2 ft. apart, measured around the pe¬ 
riphery of the pipe. The longitudinal bars should have the same 
cross-section as the hoop reinforcement bars, up to %-in. square. 
There is no occasion for making them any larger than this. 

Expansion joints must be used on reinforced concrete pen¬ 
stocks. The joints described in Chap. VII are satisfactory for 
this purpose. Since reinforced-concrete pipe can not slide easily 
over the ground, or in saddles supporting it, good practice re¬ 
quires expansion joints at frequent intervals—certainly not over 
100 ft. apart, and 40 to 50 ft. is a better spacing and less apt to 
cause girth cracks. 

Wood-stave Pipe.— Within the past 10 years a large quantity 
of wood-stave pipe has been used for water-power installations. 
This pipe has a number of advantages over steel-plate pipe, which 
are: its low cost; its ability to act as a heat insulator and prevent 
freezing inside the pipes; it is not so subject to injury from settling 
or expansion and contraction due to extremes of temperature, 
if repairs are necessary, material can be obtained in any lo¬ 
cality and repairs made quickly, without special tools or skilled 
labor; the friction loss in wood pipes is less than in steel, and 
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this friction Joss does not increase with time as is the case with 
steei-pJate pipes; tlie parts are light and easily transported into 
territory difficult of access, and, in many cases, this acts to 
. further reduce the cost as compared with that of steel pipe. 

The most complete and authoritative treatise on the subject 
of wood-stave pipe is a professional paper by S. 0. Jayne, 
Bulletin No. 155, of the Department of Agriculture. Many of 
the data herein given have been obtained from this paper. 

Continuous wood-stave pipe is built in place, of staves having 
radial edges and faces milled to form arcs of concentric circles, 
the inner circle having a radius equal to one-half the nominal 
diameter of tlrc pipe. The staves arc held together by steel bands 



Fiu. 05.—Construction of wood-stave pipe. 


which encircle them, the ends of the bands being fastened in 
specially formed metal shoes. One end of the band is threaded 
and provided with a nut so that the bands may be drawn tight 
and compress the staves together. The butt joints between 
adjoining stave ends are made by the insertion of thin steel 
plates into grooves or saw kerfs, the kerf being cut transversely 
across the ends of the stave at the midpoint of its thickness. 

Figure 65 shows a wood-stave pipe in the process of construc¬ 
tion; the separate staves and the steel bands are clearly Bhown. 
As indicated, the circumferential joints do not go continuously 
around the pipe but are broken from stave to stave, making a 
stepped joint. 

Figure 66 shows the details of the shoe, the ends of the steel 
compression band, and of the butt joints. These details aro 
dear from the figure. 





DETAIL OF MALLEABLE IRON SHOE 
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Wood-stave pipe will give satisfactory service under heads of 
from 20 to 200 ft. While it has been made for greater heads, 
the construction seems hardly adapted to such high internal 
pressures. With heads below 20 ft., it is probable that the life of 
the staves will be reduced because the internal pressure will be 
scarcely great enough to keep the wood thoroughly saturated. 
Pipes have been made as large as 15 ft. in diameter, and one of 
the largest ever built, namely that for the North Western Electric 



Fia. 07.—Wood-stave pipe line. 


Co., of Portland, Ore., is 13 ft. 6 in. in diameter and a mile in 
length. Fig. G7 shows a portion of this pipe. 

Loss of Head. —Figure 08 shows a diagram from which the 
loss in head, velocity and discharge may be taken directly. 
It is taken from the data and experiments of E. A. Moritz. 1 

The diagonals marked V represent the velocity, in feet per 
sec. The other set of parallel diagonals, which are numbered 
4 in. to 72 in., represent pipe diameters, in inches. 

1 “Flow of Water in Pipes,” Eng. Record, Dec. 13, 1913. 
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p, 0 . 68,_Diagram for the flow of water in wood-stave pipes. 
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To find the discharge and loss of head for any given size of 
pipe at a specified velocity, take the point where the diagonal 
of velocity intersects the diagonal representing the pipe di¬ 
ameter. Then, from this intersection, a horizontal line drawn 
to the left-hand vertical scale, marked “Discharge in second 
feet,” will intersect this scale at a point representing the quantity 
of flow. Also, a vertical line drawn from the intersection of 
the two diagonals will cut the bottom horizontal scale at a point 
which will represent the loss in head. 

Where the diameter or velocity have a value which lies be¬ 
tween those represented by the diagonals, the desired values 
must be interpolated. 

Staves.—In designing staves, economy dictates that the width 
and thickness be made such that stock lumber of standard sizes 
may be used. These are 2 by 4 in., 2 by 6 in., 3 by 6 in., 4 by 6 
in., and 4 by 8 in. Staves for most pipes, for ordinary heads, and 
from 22 in. to 44 in. diameter, are milled from 2 by 6-in. stock, 
finished 1 % in. in net thickness. From 44 in. up to 60 in. of pipe 
diameter, staves 2 in. thick are commonly used, and in some in¬ 
stances for pipes 72 in. in diameter. For pipes from 5 to 8 ft. in 
diameter, staves are usually 2 }4 in- thick. For pipes to withstand 
extremely high pressure and for those of large size, the thickness 
of the staves should be increased accordingly, in order to insure 
safety against crushing or shear of the wood due to the greater 
tightness of cinching required. The width will be such as to cut 
with least waste from the stock sizes of lumber. 

Western yellow pine, Texas pine, spruce, California redwood, 
and yellow fir have all been used for staves, but during recent 
years practically all pipes of this kind have been made either 
of redwood or fir, the other kinds of wood having proved to be less 
suitable for the purpose. At the present time, fir is used much 
more extensively than redwood. It is less durable than redwood 
when placed in the ground under unfavorable conditions, but in 
other respects is considered to be just as good or better, and it 
costs materially less than redwood. 

The lumber for pipe should be of extra good quality. The 
following specifications for fir staves are typical requirements: 

“Staves shall be made of live timber, sound, straight-grained, 
entirely free from all dead wood, rotten knots, dry rot, cracks, 
shakeB, or any other imperfections or defects that might impair 
their strength or durability. Pitch pockets will be allowed, 



101 


PIPE LINES AND PENSTOCKS 

provided they do not extend more than H in. in diameter, and 
not occurring oftener than one in 4 ft. of stave. Sapwood is also 
allowed on the inside of the stave, provided it does not extend 
more than halfway through the stave at any point. 

“Staves may be from 10 to 30 ft. in length,but not more than 10 
per cent, shall be less than 14 ft. in length. Timber must be 
thoroughly seasoned, either by kiln or air drying, before being 
milled into staves. 

“Another requirement, not common, however, is that staves 
shall be milled from flat or bastard sawed lumber, those in which 
the edge grain passes through the stave in a distance less than 

in. more than the thickness of the stave will be rejected. 

“The staves shall be dressed on both sides to true circles, and 
on the edges to conform to the radial lines of the pipe; all staves 
shall be of uniform thickness, and each stave of uniform width 
throughout its entire length; the end of the stave shall be cut 
square, and shall be fitted with a saw kerf for the insertion of 
a metal tongue; in depth the saw kerf shall be ^6 in- less than 
half the width of the tongue, and its position must be the same in 
all staves.” 

Painting.—On exposed portions of new pipes, the United 
States Reclamation Service has used a paint consisting of 6 lb. of 
red oxid mixed with 1 gal. of boiled linseed oil. One gallon of 
the paint was sufficient for two coats on 125 sq. ft. of pipe. On 
top of the pipe where exposed to the sun, and where water from 
leaky joints runs down over it, this paint does not last long, much 
of it being gone in 2 years. Repainting while the pipe is in use, 
is usually not practicable, because oil paint will not adhere 
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readily to wet material. The use of paint on exposed pipes 
under ordinary conditions probably adds very little to their life. 

Bands.—In determining the size of bands, four is taken as 
the usual factor of safety. Bands less than % in. in diameter 
are not used. Table 29 shows minimum sizes of pipe for which 
bands of several sizes are applicable. 

The particular style of band to use, one-piece or two-piece, 
oval-head or square-head, depends upon the size of the pipe, etc. 
Standard patterns of each, as made by one of the leading manu¬ 
facturers, with weights and dimensions, are given in Table 30. 

For bands, the usual specifications require soft steel of an 
ultimate tensile strength equal to 55,000 to 65,000 11>. per 
square inch; elastic limit not less than one-half the ultimate 
tensile strength; elongation in 8 in. not less than 25 per cent, 
and the bands are required to stand bending, cold, 180° around a 
diameter equal to that of the specimen tested, without fracture 
on either side. Such steel is similar in quality to that used for 
steam boilers. 

It is usual to specify that bands shall be provided with not less 
than 5 in. of cold-rolled thread on the threaded portion. F.ach 
threaded end should be supplied with a standard hexagonal 
nut 6 in- thicker than the diameter of the band, and a plate 
washer of proper diameter and standard thickness. 

For determining the spacing of bands many formulas have 
been developed and diagrams have also been prepared for graphi¬ 
cal determination. The following formula has been commonly 
used. 



in which d equals distance between bands in inches. 

S * maximum tensile strength of each band in pounds. 

P = pressure of water in pounds per square inch in bottom of 

pipe. 

R — internal radius in inches. 

C = coefficient to allow for strain caused by swelling of wood, 
and includes safety factor of 4 to 5 for bands. Its usual value is 

4.5 to 5.2. . , , u 

The spacing of bands on some of the earlier pipes built, was as 

much as 16 in. or more, but at present, 10 in. is considered the 
maximum spacing permissible, and on some important recent 
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work the maximum was, placed lower than this, evqn though 
the pressure did not require it. 

There is a tendency for the ends of staves to spring out when 
subjected to high pressure and often, under light heads, where 
bands are further apart, if the pipe is exposed to the sun. In 
order to overcome this tendency it is now a common practice 
to specify additional bands at the joints, and to bring all joints 
within a longitudinal distance of 2 to 4 ft. 

Coupling Shoes.—The designing of shoes is now left principally 
to the manufacturers, and selection may be made from a number 
of patterns. Cast-iron shoes were used principally during the 
earlier years of continuous stave-pipe building. They were 
heavy and easily broken, and on this account common cast iron 
has given place to malleable cast iron and steel. Malleable iron 



for this purpose should be of the most tenacious character, capa¬ 
ble of standing considerable hammering without fracture. The 
tensile strength should be not less than 40,000 lb. per square inch 
of section. 

In designing butt joints, the use of thin steel clips inserted in 
saw kerfs is almost universal. The Kelsey joint (Fig. 69), con¬ 
sists of a malleable casting which takes the place of the metal 
clips and also fits tightly over the ends of the abutting staves. 
It appears to possess considerable merit. The cost is somewhat 
more than that of the thin metal clips, but it is claimed that 
the difference in cost is more than offset by the time saved in 
building the pipe and by eliminating expense of saw kerfs. 

For the ordinary clips, No. 12 gauge steel or wrought iron, is 
used. As a rule they are 1% in. wide and the length is in. 
greater than that of the saw kerf, so that the ends may project 
J-f# in. at each edge of the stave. 
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Protective Coating of Bands.—The bands of continuous stave 
pipe are nearly always dipped or painted with some form of 
protective coating, and sometimes, the shoes also. For this pur¬ 
pose, there are numerous patented or trade preparations on the 
market. They consist usually, of asphaltum in combination 
with, linseed oil or other ingredients for tempering and reducing, 
and, as a rule, are to be applied hot. Some manufacturers, 
however, recommend a cold dip instead of the hot, believing it 
to be equally effective. 

Intakes and Outlets of Wood-stave Pipes.—Where a wood- 
stave pipe terminates, either in bulkheads or intakes, it is UBual 
to make the joint by casting concrete around the ends of the pipe. 
Where this is done, there should be a number of additional steel 
bands put around the pipe both for the purpose of strengthening 
it and affording a better hold for concrete. In some instances, 
a section of cast-iron or steel pipe is set in the concrete and a 
junction is made between the metal and the wood sections. In 
other instances, where the concrete and wood are joined, space 
for caulking is provided by making the opening through the con¬ 
crete slightly larger than the external diameter of the pipe. Either 
of the alternatives from the first plan given, makes it possible to 
replace or repair the end of the wood pipe with greater facility, 
though the caulked joint may be more difficult to keep water¬ 
tight. 

Connections with Other Kinds of Pipe.—Where curves are 
required which have too small a radius for wood-stave pipe, or 
where the heads are very high, or where wood pipe is to be joined 
to connections for water wheels, it becomes necessary to connect 
the wood stave to metal pipes. A common practice in joining 
wood and cast iron, or steel, is illustrated by Fig. 70. The wood 
pipe is made to overlap the metal pipe and the bands cinched up 
to make a tight joint. The usual lap is 12 to 18 in. but laps of as 
much as 4 ft. have been made. 

A connection of this kind is criticized on the ground that it 
does not permit proper saturation of the wood pipe, where it 
overlaps the metal, thus leaving it subject to decay. It is con¬ 
sidered better practice to insert the wood pipe into the metal 
pipe and caulk with lead and oakum. This usually requires a 
special coupling of cast iron or steel, having a thimble or flange 
which fits inside the wood staves to prevent them from being 
forced in by the caulking. If plain fittings are used, or the end 
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of the wood piire is simply inserted inside the connecting end of 
the steel pipe, a heavy iron ring must be put inside the wood pipe 
to prevent the distortion of the latter when the caulking is 
done. This ring should be of plain hoop iron, varying from 
l}-4 in. in width by Yi in. thick for 24-in. pipe up to 4 in. in 
width by % in. thick for 7-ft. pipe. Internal supporting hoops 
of angle-iron are objectionable because they constrict the area 
of the pipe. 



fxo. 70. Steel angle in stave pipe showing method of joining them and of 
anchoring pipe on steep slope. 

Supports.—If continuous stave pipes are built above ground 
they should be supported in “cradles,” or “chairs.” In the design 
and spacing of supports of this kind, the ideas and judgment of 
engineers differ and, as yet, there is no standard practice. 

Cradles of the general type shown in A, Fig. 71, were used on 
several large pipe lines in Idaho, and they appear to be well 
designed. On some pipe lines, the 2 by 12-in. mudsills are 
continuous; on others, blocks 18 in. long are used. The use of 
short blocks instead of continuous sills is more economical of 
material, and requires less grading. Cradles of this type spaced 
6 ft. center to center have been used under 54-in. and 100-in. 
pipe. A 48-in. pipe has been built on cradles 12 ft. apart, 
and while this spacing is unusually wide, the support appears 
to be ample. 

Some large wood-pipe lines carried across rivers and ravines 
on bridges or trestles of steel, are supported by cradles also of 
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steel. The 84-in. pipe of a western irrigation oomp&ny is, in 
places, supported on rock cradles set about 15 ft. apart. 

Anchoring Pipes.—In order to secure pipes against water 
thrust at sharp horizontal curves, and to guard against the tend¬ 
ency to creep on steep inclines, anchorage in some manner 
is necessary. One method of anchoring a 44-in. pipe, and also 




Fio. 71.—Cradles for carrying stave pipe. 


making an angle too sharp for the curvature of wood pipe, is 
illustrated by Fig. 70. Another method is to build around 
the pipe a pier or mass of concrete or masonry to serve as 
anchorage. 

Location of Continuous Stave-pipe Lines.—As a rule, a pipe 
line must follow, approximately, the variations of the ground 
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surface, but in both plan and profile, sharp curves should be 
avoided. Horizontal and vertical curves should not be placed 
in the same section of the pipe, and a tangent between curves is 
always desirable. A radius of 60 times the diameter of the pipe 
is usually taken as a measure of allowable curvature, thou gh 
sharper curves are not uncommon. 

A wooden pipe should be located so as to be entirely below 
the hydraulic gradient, and in making extensions, or in taking 
off branches from the pipe line already established, care should 
be taken not to lower the hydraulic gradient so as to leave the 
original pipe above it. 

As to what the minimum distance below the hydraulic gradient 
should be, engineers differ in opinion. Assuming that pressure 
sufficient to keep the staves well saturated is necessary to prevent 
decay, some engineers advocate 50 ft. as the minimum, while 
others place it at 25 ft. With reference to the relation of pres¬ 
sure to durability of the wood, much may depend on other condi¬ 
tions of the location, particularly as to whether or not the pipe is 
placed in contact with the soil. If the pipe is placed in the ground 
or in contact with the soil, a pressure head of 50 ft. or more is 
desirable, but if it is kept free from contact with the soil, 15 ft. 
below the hydraulic gradient is sufficient. 

Evidence based on the experience of the past 20 years appears 
to show that, in general, continuous stave-pipe lines should be 
located above ground and free from all contact with it, though 
contrary opinions are also held. If reasons appear sufficient to 
justify placing a pipe in the ground, it is best to insure a deep 
covering of a nature that will most nearly exclude air from the 
pipe, particularly if the water pressure is light. Gravel, shell 
rock, or other porous material is not satisfactory for backfilling. 

Construction of Continuous Stave Pipe. —Where the pipe is to 
be built in a trench, the excavation is made from 1 to 2 ft. wider 
than the diameter of the pipe. Then the staves of the lower 
half of the pipe are set up in a U-shaped form made usually of 
lj^-in. gas pipe bent on a curve equal to the outside diameter 
of the pipe. Another piece of gas pipe, bent into a circle of a 
diameter slightly less than that of the wood pipe, with the ends 
overlapped and spread so that it will stand alone, is set on the 
lower staves already placed, and serves as a form for the upper 
part. If wooden cradles and two-piece bands are used, the lower 
section of the band, set in a cradle, is sometimes used as the bot* 
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tom form instead of the gas pipe. A few bands sufficient to hold 
the staves in place are then slipped on, and the final banding 
then completed, the spacing of each section being marked along 
the pipe according to tables or profiles in the hands of the fore¬ 
man. During the progress of lining up and partially tightening 
the bands, the pipe is rounded out evenly and the staves are 
driven up to make the butt joints tight. 

Wooden mallets are used for the “coopering,” and in driving 
home the staves, iron-bound, hardwood blocks are used with 
sledge hammers. 

The end driving must usually be done repeatedly as the bands 
are tightened, care being exercised not to bruise or injure the 
staves. Special braces or wrenches with long shanks and short 
leverage are generally used for this work, each builder, as a rule, 
designing his own tools. Curves are made by crowding or pulling 
the partially banded pipe to the desired position with jackscrews, 
or blocks and tackle. 

A pipe-laying gang usually consists of from 8 to 1C men, the 
nuriiber depending on the closeness oi banding and other condi¬ 
tions. The speed of construction depends on the size of the pipe, 
spacing of bands, curvature, and other factors specific to the 
locality. On a 48-in. pipe built at Clarkston, Wash., in 1906, 
250 ft. was the most that w'as laid in 10 hr., and the amount ran 
down to as low as 50 ft. where work was difficult. 

One hundred and fifty to 300 ft. of 34-in. pipe was made per 
day by a crew at Denver, Colo., the number of bands placed 
ranging from 700 to 1,000, while on 44-in. pipe 500 bands were 
placed per day. In 1910, a 48-in. pipe, 10 miles long was built 
for the Denver Union Water Co., in 75 days, with a force con¬ 
sisting of 150 men and 100 teams, and this included hauling 
30,000 tons of material an average of 10 miles on wagons. This 
is considered to be very rapid construction for a pipe of this size 

laid in a trench averaging 7 ft. deep. 

In building a long line of continuous stave pipe it is customary 
to employ several crews at convenient intervals of 1000 ft. or 
more. The different sections of pipe are joined by cutting staves 
to fit, allowing about in. extra length, so that when sprung 

in place the end joints come tight. 

Maintenance of Wood-pipe Lines.—Reasonably frequent 
inspection is advisable, and whenever leaks are found, or injuries 
of any nature arc sustained, they should be repaired without 
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unnecessary delay. The continued impinging of a grit-laden jet 
from a small leak has been known to sever steel bands % in. in 
diameter. 

Small leaks at the joints or seams of wood pipe are usually 
stopped with wooden wedges. 

Under ordinary circumstances the repair of continuous stave 
pipe is not difficult. The removal and replacement of staves or 
portions of them is a matter of frequent occurrence. It is only 
necessary to remove a few bands to take out the defective stave, 
spring another into place and reband. If the pipe has been 
buried and the threads on the bands have become badly rusted, 
as they frequently do, any change in the position of the nut may 
necessitate the use of a new band, though if the body of the band 
is still serviceable a new thread may be welded on. 

Where a pipe is above ground, any landslides coming into 
contact with it should be cleared away as a precaution against 
decay, particularly if it'is at a point where the pipe is under 
light pressure. If supported in cradles the mudsills or footings 
should be renewed as decay progresses, in order to avoid injury 
to the pipe from settling. 

Contrary to the theories commonly held 30 years ago, it has 
been found that the durability of wood pipe is usually dependent 
on the life of the wood rather than on the life of the bands. Only 
in rare instances have the bands failed first. Corrosion of the 
bands, being a chemical action, requires the presence of moisture 
and oxygen. It usually occurs most rapidly where pipes are 
buried and the backfill is wet, under conditions which, as a rule, 
are most favorable for the life of the wood. Corrosion is greatly 
accelerated by the presence of alkali in the soil. Under such 
conditions the bands almost invariably fail at the bottom of 
the pipe. 

Cost of Stave Pipe. —The cost of wood-stave pipe will, of course, 
vary with local conditions, and it is only possible here to give 
some specific instances: 30-in. pipe of fir costs from $1.55 to 
$1 .91 per foot length; 42-in. pipe from $2.20 to $2.85 per foot 
length; 48-in. pipe from $2.60 to $3.52 per foot length; 60-in. 
pipe from $4.25 to $6.30 per foot length; 84-in. pipe $9 per foot 
length. 
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DAMS 

Centers of Gravity. —To determine the forces acting on a dam 
or retaining wall, and the stability of the structure against sliding 
and overturning, it is necessary to find the position of the center 
of gravity of certain cross-sections of water and of masonry, or 
concrete. 

For convenience, the following rules and formula are here 
given. 

For asection like Fig. 72, or any quadrilateral having two paral¬ 
lel sides, bisect the parallel sides and join the middle points l>y a 
ling. Thus, bisect AB at Z and CD at IF and join these points 
by the line ZW. Extend each of the parallel sides, one in one 
direction, the other in the opposite direction, the amount of the 




Fig. 72.—Center of gravity of Fia. 73.—Center of gravity of 

trapezoid. triangle. 

extension of each side being equal to the length of the opposite 
side. Join the ends of these extensions by a line. The inter¬ 
section of this line with the line joining the bisected sides is the 
center of gravity. Thus, AB is extended to the right an amount 
equal to CD, while CD is extended toward the left by an amount 
equal to AB. The line XX joining the ends of these extensions 
intersects line ZW at G, which point is the center of gravity. 

The center of gravity of a triangle is on the line joining the 
upper vertex with the middle point of the base and is one-third the 
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altitude of the triangle distant from the base. Fig. 73 indicates, 
the location of the center of gravity of triangular sections. if 
The center of gravity of a figure like that shown in Fig. 74 may 
be obtained by dividing it into two parts such as ABEK and 


Fla. 74.—Center of gravity of irregular figure. 

CKD. Locate the center of gravity of each part. That of 
ABEK is at g, while that of CKD is at g'. The center of gravity 
of the whole figure is on the line joining these two separate 
centers. Re-divide the figure into two other forms such as ABFC 
and FCED. Take their respective 
centers of gravity at g" and g"' and 
join them by a line. The intersection 
G, of the two lines joining the two 
sets of centers of gravity, is the cen¬ 
ter of gravity of the figure. 

For contours like Fig. 75, it is suffi¬ 
ciently accurate to assume them to be 
trapezoids, the outline of the rear face 
being taken by prolonging the down¬ 
stream face until it intersects the 
1'ia. 75.—Equivalent horizontal line drawn through the 

trapezoid. crest, and as indicated by the dotted 

lines. 

The analytical formulae for positions of centers of gravity are 
given in the following: 
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Trapezoid. —The center of gravity of any form of trapezoid, 
‘as in Fig. 76, is located at a height above the base equal to 

. h/b + 2a\ 

Its location, horizontally, is at the middle of the distance 
between the two non-parallel sides, at the height located by the 
formula, i.e., the center of gravity G lies halfway between e and / 
in the figure. It, therefore, lies in the line drawn from the 
middle of one of the parallel sides to the middle of the other. 



I'm. 7G.—Center of gravity of trapezoid. 

Formula for horizontal distance of center of gravity from either 
of the non-parallel sides is 

d = %(b — —jj—i) (H3) 

where 8 (i.e., height of center of gravity above the longer parallel 
side) is computed by formula (112). 

For figures such as Fig. 74, divide into any two convenient 
sections, for instance A B E K and C K D, finding the center of 
gravity of A B E K at g and that of C K D at g 1 . The center of 
gravity G of the whole figure then lies on the line gg', and at a 
distance along it determined by the condition that A n must be 
equal to A' (l — n), in which A and A' arc the areas of the parts 
A B E K and C K D, respectively. 

n = distance from g to G. 

I = length of line from g to g'. 

I — n = distance from g' to G. 

From the above condition it follows that 

A'l 

~ A+A' 


n 


(114) 
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Parabola.— Figure 77 shows a parabola. The center of gravity* 
for the area included between the curve and the axis, lies at a point 

from the vertex and v f rorn the axis, a being the horizontal and 
5 o 


b the vertical coordinates of the end of the curve with the origin 
at the vertex. Also, the center of gravity of the portion included 
between the coordinates and outside the 

curve is located — from the vertex and ~ 
10 4 

from the axis. 

General Forms.—In general, the dis- 
tance of the center of gravity from any 
chosen axis is equal to the sum of the 
moments of the areas about the axis, 
divided by the area of the whole figure 
or, algebraically, 



Fio. 77.—Center of 
gravity of parabola. 


Ai/j + Aih +••••+ AJn 

-4i + Al + . . . . + An 


(115) 


As an example take the form shown in Fig. 78. 

A B C D E F H K M is an irregular figure having given dimen¬ 
sions. This figure is divided into symmetrical sections in any 
convenient manner. Assume this division to be as indicated by 
the dotted lines. 

Length of line BD = \/18 2 — 10 2 = 14.96 
Length of line SK = 14.96 + 8 = 22.96 
Length of line AS - 20 — 16 = 4 
Length of line SM = 10 - 4 = 6 

The areas are as follows: 

Ai = 22.96 = 4 = 91.84 

4t = KX 6 X 22.96 = 68.88 
A, = M X 10 X 14.96 = 74.80 
A t = 20 X 10 = 200.00 


Total area, A = 435.52 

Taking the reference, axis XX through the upper horizontal 
line of the figure, the center of gravity of A i is at the distance 
, 22.96 


11.48 from the axis. 
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Similarly, 


h = S + %X 14.96 = 17.97 

U = 22.96 + ~ = 27.96 

Then the moments are 

A ill = 91.86 X 11.48 = 1054.55 
Ath = 68.88 X 7.65 = 526.38 
A z l , = 74.80 X 17.97 = 1344.16 
A4I4 = 200 X 27.95 = 5592.00 


Sum of moments = 


8517.09 



Fiu. 78.—Center of gravity by moment*. 


The sum of the moments divided by the sum of the areas, t.e., 


is the distance of the center of gravity of the whole figure from 
the axis XX. The center of gravity lies on the line parallel 
to XX and 19.5 distant from it. This line is drawn m the 

figure and called “center of gravity line.” 

Taking now the axis IT, perpendicular to XX, and finding 
the moments of each area around it and dividing by the sum 




176 HYDRAULIC DEVELOPMENT AND EQUIPMENT 


of the areas, the center of gravity line referred to YY, is found. 
At its intersection with the center of gravity line referred to 
XX, is the center of gravity of the figure. 

It is often convenient to pasB the reference axes through the 
figure, along certain of the division lines, as in the case of the line 
Y~Y in the previous example. In such cases, all the moments on 
one side of the axis must be taken as positive quantities, while 
all those on the opposite side as negative quantities. 

In the foregoing example the centers of gravity of At, At and 
At lie on one side of Y-Y and that of A s lies on the other side. 
Hence the moment A t k is negative, and in this case the distance 
of the center of gravity from T-T is 

, Aih + A jfj — Ath -f- Ath 

Al + At + At+At 

The distance of the vertical gravity line from the axis Y-Y, or 
l C y t is found to be 6.126, when the proper quantities are substituted 
in the formula, and the center of gravity is seen to lie outside the 
figure. 

These rules apply only to plane figures or volumes of a homo¬ 
geneous substance having the same thickness; that is, a section 
of a material having uniform specific gravity and thickness. 

If the material is homogeneous, but the thickness of the dif¬ 
ferent portions of the section varies—as in hollow dams—then 
instead of the areas Ai, At, A s , etc., their respective volumes 
must be used, so that each area must be multiplied by its thick¬ 
ness. Hence, the moment of each section around the axis 
chosen, becomes A Jilt, Aikli, etc., t, being the thickness of the 
section. After summing up all the individual momentB, this 
sum is divided by the sum of the products of Arfi, A s < s , etc., as 
the divisor, the result being the distance of the center of gravity 
of the whole section from the chosen reference axis. 

If the material of which the several sections are composed 
varies—as in the case of a concrete dam overlaid with granite— 
the product for the moment of the separate sections will be 
Aihyili, A iky tk, etc., y being either the specific gravity or 
actual weight, per unit volume, of the material. The divisor 
for the sum of the moments is, of course, Aikyi + AxUtVx, etc. 
This last condition is seldom encountered. 

It is to be noted that it is not necessary to know the height of 
the center of gravity for computing the forces acting on dams. 
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Its distance from either face of the dam is the only location re¬ 
quired; that is, the distance of the center of gravity from the 
vertical axis, as Y-Y in Fig. 78. The gravity moment of the 
d am about any horizontal axis, depends only on the horizontal 
distance of the center of gravity from the axis chosen, and, in 
no wise, on its height. 

Forces Acting on Dams.—In order to understand the several 
factors that enter into the subject of the design of dams, two 
principles of hydrostatics must first be known, namely: 

1. The pressure exerted by a fluid is transmitted equally in 
every direction; 

2. The pressure, per unit area, produced by a head of water, 
is proportional to the height of the head, and is independent of 
the total mass of water. 




r, c . 70.—lllustruting unit pressure due to head. 


In the three vessels, a, b and c, Fig. 79, the head h is the 
same. Likewise, the pressure, per square inch at the bottom of 
each of the vessels is the same, although the quantity of water 
in vessel 6 is many times greater than that in vessel a. Also, 
as the area of the bottom of vessel c is much greater than thfct in 
vessel b, the total pressure on the bottom of vessel c is much 
greater than the total pressure on the bottom of the vessel 6, 
although the quantity of water in the two vessels is practically 

^Dam Without Overflow.— Consider the case of a vertical wall 
with water against one side of it, as in Fig. 80, which shows, 
in outline, the section through a dam with the water backed 

UP The*headat the surface of the water is zero, hence, the pressure 
is zero at the surface line. The pressure at the bottom » 1 62-5H 
lb. per square foot, H being the head or depth of water, m feet. 
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Since this pressure is transmitted equally in every direction, the 
horizontal pressure against the vertical surface is 62.5 H lb. 
per square foot. Furthermore, as the pressure increases from 
0 to 62.5 H proportionally to the depth, the pressure at any point 
may be indicated by drawing the straight line OA from the point 
0 of the surface line diagonally downward, the distance AB 
representing, to scale, the value 62.5 H. At any height, say at 
the line p a , the value of the pressure is equal to the scalar value 
of the horizontal length p 2 . In other words, the horizontal 
distance between the vertical and diagonal lines at any height, 



represents the pressure at that height. Since the pressure is 
zero at the top and 02.5 11 lb. per square foot at the bottom, the 
average pressure over a unit area of the whole surface is 

0 + 62.5 H nnr H„ 

p =-g- ~ ®2.5 £ lb. per square foot. 

If the area of the vertical surface is aH sq. ft., a being the length 
and H the height, the total pressure tending to push the wall 
horizontally downstream is 

aH X 62.5 | = 62.5 lb. (117) 

and the horizontal pressure on the surface for 1 ft. length, i.e. for 
o «■ 1, is 

P = M62.5 H' lb. (118) 

The total pressure, per foot length, is also equal to the area 
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of the pressure triangle to the scale adopted for the vertical and 
horizontal ordinates, that is, X 62.5 lb. Since the pressure 
increases from zero at the surface, to the maximum at the 
bottom, and may be represented by the area of a triangle, the 
center of pressure is at the center of gravity of the triangle which, 
for any triangle, is located at one-third the altitude above the 
base. 

The altitude is equal to H ft. and, therefore, the center of 
pressure is at J-^77 ft- above the bottom of the water, which is 
the length of the lever arm through which the total pressure acts 
to cause overturning. 

Since the overturning moment is equal to the pressure multi¬ 
plied by its lever arm, this moment is 

M = -1' 5 IP X HH = 10.47/ 3 lb.-ft. (119) 

From the foregoing it follows that if there is a water pressure 
acting on two sides of a vertical partition and the water on one 
side is at a higher level than that on the other, the net resultant 
force of the deeper body of water acting against the partition is 
not directly proportional to the difference in head of the water 
on the two sides, but is proportional to the difference in their 
squares; that is, the net pressure, per foot length, tending to move 
the wall horizontally is J^62.5(77i a — // 2 s ) lb., while the net 
overturning moment, per foot length, is proportional to the 
difference of their cubes and is 10.4(77 1 ! — 772 s ) lb.-ft., Hi and 
H 2 being the respective heads on the two sides of the partition. 

It is to be noted that the pressure is independent of the 
total volume of water on either side of the wall. If the water 
extended out horizontally, a distance of 10 miles from the wall 
on the side having the lower head, and were only an inch in 
horizontal length on the side of the higher head, the relative 
pressures as computed above would be unchanged. The head, 
alone, determines the pressure. 

Dam with Overflow.—When a dam, or other vertical surface, 
having a water pressure against it, has water flowing over it, the 
head being greater than the height of the dam, the foregoing 
formulas do not give the values of the forces acting. 

If H - height of the dam, and h = the height of the water 



180 HYDRAULIC DEVELOPMENT AND EQUIPMENT 


above the crest of the dam, the force tending to push the dam 
downstream, per foot of length, is 

P l =-^H(H + 2h) lb. (120) 

The overturning moment will be 

Mi = 62.5 H\HH + Wi) lb.-ft. (121) 

These formula are derived as follows: 

In Fig. 81 the line AB represents the pressure, per square foot, 
at the bottom of the dam due to the total head H + ft, and is, to 
scale, equal to 62.5 (H + ft) lb. 

The line CD represents the pressure per square foot at the 
top of the dam due to head ft, and is, to scale, equal to 62.5ft lb. 



The average pressure, per square foot, against the dam is the 
average of these two pressures, i.e. 


62.5 (//j-ft) + 62.5ft 
2 ' 


62.5 MH + ft) lb. 


( 122 ) 


The total pressure against the surface, H ft. high and 1 ft. 
wide, or the total pressure, per foot length of dam, is 

H X 62.5 {%H + h) lb. (123) 

which is the pressure tending to push the dam downstream. 
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The lever arm of the overturning moment is at that height 
above the base of the dam equal to the height of the center of 
gravity of the trapezoid CABD. The height of the center of 

gravity of a trapezoid is equal to f (J-j—j), in which, His the 

altitude of the trapezoid, b the length of the base, and a the length 
of the top. 

For trapezoid CABD, H=H] o=62.5 h, and 6=62.5(f/+A). 

Multiplying the total pressure, per foot length by the lever arm 
thus found, the overturning moment, per foot length, is 

62.5 H (i H + A) § (" + ”) - 62.5 W (\ H +1 k) Ib.-ft. 

(124) 


Dam with Inclined Face.—The water pressure acting against 
any surface is always normal to the surface. Hence, when the 
upstream face of a dam is inclined, there is a component of the 
water pressure which tends to push it vertically downward, but 
the foregoing formulae are subject to no modification except that 
imposed by the vertical component of the water pressure. In 
general, for all conditions where the water does not overtop the 
dam, the total pressure P, per foot length, normal to the face of 
the dam is (Fig. 82) 


ID 62.5 
2 cos 9 


(125) 


in which 


H = depth of water. 

6 = angle between face of dam and the vertical. 


The horizontal and vertical components of the pressure are, 
respectively: 


P* == P cos 9 = y x 62 5 (126) 

Ut 

P, = P sin 9 = " X 62 5 tan 9 (l27 > 


Obviously, for a vertical face, P, reduces to zero. 
The overturning moment is 


M - 10.4H* 
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For ^"ib in which the upstream faces are sloping and which 
are overtopped by the water, as in d, Fig. 82, the formul® become 

p -S< H+2 *> < 128 > 

P h = P cos 6 = —— (H -I- 2k) (129) 


P, = Psin 6 = ~ 5 - (ff + 2h) tan 0 



<• d 



A BA B 

Fig. 82.—Overturning moments against dams. 

and the overturning moment is 

M = 62.5P* (~ +(131) 

in which 

H = height of dam, in feet 
and 

h * height of water surface above crest of dam, in feet. 
The moment of the vertical pressure, acting through a lever 
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arm which has a length depending on the thickness of the base 
of the dam, opposes the overturning moment and, therefore, adds 
to the stability of the dam against overturning. Hence a sloping 
upstream face tends to increase the stability of a dam, and also 
to increase its resistance to sliding, as will presently be set forth. 

Uplifting Force.—Unless the base of a dam is well bonded to 
the foundation, so that the joint between them is water-tight, 
water, under a pressure head H (or H + h), will enter the joint 
and produce an upward pressure under the base of the dam equal 
to 62.5 H per square foot. 

It is usual to assume that if water can percolate between the 
base of the dam and the foundation, it can, more easily, and under 
less pressure than that due to II, find its way along the joint and 



finally emerge at the toe, at zero pressure. Hence, the total 
pressure is —4 and the center of pressure is at a distance. - 

l - from the upstream face of the dam, l being the length of the 

base, and <j> the fractional proportion of the whole area of the base 
to which the water can penetrate. Fig. 83 shows, graphically, 
the variation in pressure under the base and its resultant, 
which is 

U = per ft. length. (132) 

For reasons given elsewhere, under the caption, "Uplift 
Pressure Under Dams,” the author considers the effect of such 
possible uplift negligible except for sand foundations. In the 
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exact formula which arc given in this chapter, and also in the 
paragraph on “Resultant of Forces Acting on Dams," the method 
of treating this uplift is included for the computation of forces 
acting on dams on sand foundations, and also for the benefit of 
such designers as may still believe it of importance in masonry 
dams on rock foundations. 

Ice Pressure. —Whenever the level of the impounded water in 
an artificial lake sinks down to, or below, the crest of the dam and 
freezes, the expansion of the liquid when entering into the solid 
state, imposes a horizontal pressure against a vertical faced 
dam. 

How great this pressure, has been variously guessed at—for 
this is about all the attempts to fix a value for it, amounts to. 

What the ice pressure against the crest of a dam is, has never 
been determined. Various figures of from 4000 to 40,000 lb. 
per foot length have been proposed. My own opinion inclines 
to 3000 to 6000 lb. per foot length. 

Whatever figure is adopted, it must be remembered that the 
pressure at the crest, due to overfall of water, can not be exerted 
at the same time as the ice pressure. In computing the cross- 
section of a dam, it is well to compute one section to resist all 
the forces including overfall, then compute another, omit tin g 
overfall and including ice pressure. Whichever section is the 
larger should be the one adopted. For bulkhead sections, there 
is, of course, no overfall and the ice pressure is a factor of some 
importance. 

Ice pressure can l»e transferred to the point of center of pres¬ 
sure due to the water, viz., at ~ ft. above the base, and added 

to that of the water pressure which exists when the level of the 
water is just at the top of the dam. Its value, thus transferred, 
will be equal to 3 times its actual pressure. 

Thus, if the water pressure is 150,000 lb. and the ice pressure 
4000 lb. per foot length, the total pressure, taken as acting 
through the center of pressure for the water will be 150,000 + 
3 X 4000 - 162,000 lb. 

Vacuum Produced by Overfall.—Whenever the water dis¬ 
charged over the crest of a dam has a natural path which lies 
some distance away from the downstream face, or in other words, 
when the water tends to leap beyond the spillway face, and 
there is no means for air to reach the spillway surface, a vacuum 
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ia formed between the sheet of water (nappe), and the face of the 
dam, which draws in the nappe and forces it to adhere, or tend 
to adhere, to the face of the dam. This means that a foroe 
which, at times, may be considerable, is set up, tending to push 
the dam downstream, and also, to cause overturning. This 
vacuum is never produced when the spillway is properly de¬ 
signed, because the water can not then leap beyond the boundary 
of the spillway face. It may be corrected in existing structures 
by admitting air to the spillway surface under the nappe, at the 
two ends of the spillway, using Bhort lengths of 2- or 3-in. pipe 
fastened to the face of the spillway near the crest, so that they 
are parallel to the axis of the dam and project under the nappe 3 
or 4 ft. and out into the air a short distance. 

Simple obstructions fastened on the spillway surface near 
the crest at intervals of 40 to 60 ft. will accomplish the same 
result—say three 4 by 4-in. timbers 3 ft. long spaced 3 ft. apart 
down the spillway. Any device whereby the nappe is broken 
to admit air will destroy the vacuum. In a reinforced-concrete 
dam, it is customary to leave open the bolt holes through the 
spillway made by form-holding bolts. 

If the curve of the spillway be designed in accordance with 
the laws of a falling mass of water, no additional precaution is 
necessary. 

Resultant of Forces Acting on Dams.—In addition to the forces 
set up by the water pressure, as before set forth, the weight of 
the dam acting vertically downward, provides another force, 
which must be combined with the water forces to find the re¬ 
sultant force acting on the dam. 

The resultant is found by the usual method of compositioii of 
forces by parallelograms and is practically obvious from the 
figs. 84, 85, 86 and 87. 

Figure 84 shows a dam having a vertical face, the force P 
62 5 H* 

acting horizontally. P = —^— lb. per foot length for dams 

( H \ 

2 + Aj lb. per foot 

length for dams H ft. high with h ft. of water flowing over them, 
The weight acts as if concentrated at the center of gravity, 
denoted by G in the figures. If the lines representing P and 
0 are prolonged until they intersect—in whatever direction the 
prolongation may be necessary for intersection—and the point 
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of intersection, 0, taken as the common point from which the 
two forces act, the parallelogram of forces can be drawn. 

Continue both P and G in their directions of action, laying 
them off so that OP = P, and OW = weight, in pounds, of 1 ft. 
length of dam, and on these two force lines, form a parallelogram, 
as shown. The diagonal OR will be the resultant force, its 
magnitude and direction both being thus found. 

The position of the point at which the resultant intersects 
the base is important. It must fall within the middle third of 
the base: that is, if the thickness through the dam at the base, 
be divided into three equal sections, the resultant of the forces 



acting must intersect the base line somewhere within the middle 
section. Otherwise, the pressure on the foundation and the 
lower courses of masonry at the downstream side, may be .ex¬ 
cessive and there will be tension on the upstream side of the 
dam a condition which is undesirable in any masonry struc¬ 
ture. This is discussed further under the caption, “Founda¬ 
tions of Dams." 

♦k 1 j th if r< f ultant force . does not °ut the base within the middle 
third the dam is too thin and must be re-designed. 

Fipire 85 shows the composition of forces acting when the face 
of the dam is inclined upstream. The method of locating 
the resultant is obvious from the drawing. 

Figure 86 shows a condition frequently encountered, namely. 
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that of a dam having an inclined upstream face and surmounted 
by a gate, flash-board, or cylindrical drum having a height above 
the crest of the dam = hi. 

Take first, the pressure, p, acting on the gate (or drum), which 

62 5h ^ h 

is p = —center of pressure will be ~ ft. above the 

crest of the dam. Then find the value of the force P acting 
on the inclined portion of the darn. This will be the same 
as for an inclined dam overtopped by hi ft. of water, or 



Fra. 85.—Resultant of forces aoting on inclined face dam. 


ill \ 

62.5 H + hij ■ The center of pressure will be located at the 
center of gravity of the trapezoid, of which H + hi is the base, 
hi the top and H the height, or ( // + 2 hJ direction of 

P is normal to the face of the dam. 

Having now the directions, magnitudes and locations of the 
two forces p and P, the lines representing them must be pro¬ 
longed until they intersect. In this case it is necessary to 
continue the lines back from the face of the dam until they 
intersect at O'. Then lay off p and P to Beale (represented 
by O'v' and O'P') in the direction of action of the forces, which 
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is always toward the downstream side of the dam. The 
resultant, O'r =■ r, is the resultant of all the water forces acting 
against the darn. Prolong O'r until it intersects the vertical line 
of force due to weight, GW. At the intersection 0 of these two 
forces, lay off Or and OW equal to O'r and W respectively, 
and construct the parallelogram. The resultant OR shows the 
direction and magnitude of the combined forces acting on the 
dam. 

Where forces other than the water pressure on the face of the 
dam must be resisted, such as ice pressure at the top, and uplift 
pressure, due to water finding its way underneath the base and 



Flo. 86.—Resultant of forces acting on vertical and inclined faces of dam. 

exerting an upward pressure, they may be combined graphically 
by the application of the parallelogram of forces. 

For ice pressure it is usually, simpler to transfer its equivalent 
force to the center of water pressure, add the equivalent force to 
the water pressure, and treat the combined force as if it were 
simply a single pressure, exerted at height above the base equal 
to the height of the center of the water pressure. 

Obviously, if the ice pressure at the top of the dam « p«, and 
iB exerted at a height H above the base, the force to add to the 

H 

water pressure as an equivalent of p< is p« X ■* 3p< in which 

3 
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H 

2 “ height of the center of pressure of the water against the face 

of the dam. After combining these two forces, the resultant of 
these and the uplifting pressure may be combined and a second 
resultant obtained, after which, this resultant may be combined 
with the gravity force to get the final resultant and its direction 
of action. Thus, in Fig. 87, which shows a dam 72 ft. high, with 
a 60-ft. base, the ice pressure at the top is taken at 20,000 lb. 
per foot length. There is no force due to overflow head from 
water passing over the spillway, as this condition can not exist 
at the same time as an ice sheet pressing against the top of the 
dam. 



FlO. 87.—Resultants including ice pressure and uplift. 


Transferring the ice pressure to the point ^, its value becomes 

3 X 20,000 = 60,000 lb. per foot length of dam. This excessive 
ice pressure is here assumed to bring out more clearly, in the draw¬ 
ing, the effect of ice. 

no\i y 62 5 

The water pressure is -— ^ ~ = 162,000 lb. per foot 

length, and the sum of the water and ice pressures is 162,000 + 
60,000 = 222,000 lb. The average uplift over the whole front 
of the dam, is taken at 0.25 X 62.5 {H + h) = 1125 lb. per square 
foot, while it diminishes to zero at the toe, making an average 
pressure under the whole base of 562.5 lb. per square foot. For 
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a 60-ft. base, the entire uplift per foot length of dam = 562.5 X 
60 - 33,750 lb. 

The center of action of this force lies at a point g from the front 

of the dam. Combining this uplift with the combined horizontal 
forces, the resultant, R ,„, is found. It has a value = 224,550 
lb. and intersects the vertical line which represents the gravity 
force, at 0. Constructing the second parallelogram on the gravity 
force line and the resultant Rpu, the resultant, OR, of all the forces, 
is found. Obviously, it intersects the base much too near the toe 
for this section to be safe, and, for the forces taken, the dam would 
have to be considerably thicker at the base. 

The uplifting pressure acts only on the base of the dam. 
Hence, the upper sections may be computed, just as if this force 
did not exist. This means that the bottom section only must be 
made thicker, as indicated by the dotted lines ede on the rear 
face, or fhk on the front face. 

In determining resultants, remember to lay out the force lines 
from their intersection in the directions in which the forces act. 
It is, sometimes, easy to reverse the parallelogram and obtain 
erroneous results unless some care is exercised in this respect. 

The value of the resultant and the point at which it cuts the 
base line can, also, be determined analytically. 


Also, 


It = y}(W - V)*+ (P + Pi ) 2 (133) 

R = numerical value of the resultant. 

IT * weight of dam, per foot length. 

U = total uplift pressure, per foot length of dam. 

P = total water pressure, per foot length of dam. 

Pi - ice pressure, per foot length of dam. 


0 = 
0 = 


(134) 


l( 2A + kl) 

6A 

= distance from downstream toe of dam to point 
where resultant cuts the base. 

= IT - U. 


I - length through base. 

k = p — J = net pressure, per square foot, of dam on 
foundation at upstream side. 

p aa pressure on foundation at upstream side, per 
square foot when no uplifting force iB acting. 

J a« pressure per square foot, under the dam at the 
upetream side due to uplift. 
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Likewise, if q, the pressure, per square foot of section on, founda¬ 
tion at the downstream side, is known, 


_ l( 4A — ql ) 
6A 


(135) 


The manner in which p and q are found is explained in the 
succeeding paragraph. 

Usually, the uplift pressure V, or J, is negligible, and (134) 
formula becomes 


_ IWV +jpj) 

&w 


(136) 


Stresses on Foundations of Dams.—Let Fig. 88 represent the 
lower portion of the cross-section of a dam. The downstream 
side HKF is curved to discharge the water horizontally. The 
portion HKE is considered as the boundary of the dam on which 
the stresses are imposed, the curved, bottom portion being re¬ 
garded simply as a deflector of the downcoining sheet of water. 



Fig. 88.—Foundation stresses. 


The length through the cross-section of the dam at the base, 
from the upstream to the downstream face, and marked l in the 
figure, ends at E so far as the computed foundation stresses are 
concerned. Of course, there is some strength in the projecting 
curved toe that assists in distributing the weight of the dam over 
the foundation, but this factor is indeterminate and should be 
regarded simply as a slight addition to the factor of safety. 

The line OR is the resultant of the forces acting on the dam, 
made up of the water forces and action of gravity. This resultant 
intersects the base of the dam at a point d ft. from the upstream 
face and l — d ft. from the downstream face, and makes an angle 
t with the base line, l being the length through the base. 
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Resolving R into vertical and horizontal components, ft, =* 
the downward pressure to be resisted by the foundation, while 
Rk is the horizontal pressure to be resisted by the strength against 
shear. From the previous discussion of “Resultants of Forces 


Acting on Dams” it may be seen that 
For vertical-face dams 

R, - P sin i (136) 

ft, = W (137) 

For inclined face dams 

ft, = W + C2.5 H ^ ^ 2h) sin B, (138) 

W = weight of dam, per foot length. 

The stress on foundation at the downstream side, is 

g - -y (y — 1 j, lb. per sq. ft. (139) 

Stress at the upstream side, is 

p = ^(2 — y), lb. per sq. ft. (140) 


Hence, if d - g, the stress at the upstream side = 0, 

21 

If d is greater than ^, the stress at the upstream side is nega¬ 
tive, and there is tension in the masonry. These conditions are 
shown as follows. 

The total reaction of the foundation must equal the total 
weight imposed on it, and the distribution of pressure over the 
foundation must either be uniform (where the resultant inter¬ 
sects the base in the middle), or change uniformly from one face 
to the other, because the dam is a rigid body, and as such 
can not impose abrupt changes of pressure on its foundation, 
if the latter is regarded as sufficiently elastic to distribute the 
stress over the whole under surface of the dam. 

While the accuracy of this latter hypothesis has been ques¬ 
tioned, it appears rational, and, in any case, is the only one 
now known, on which any analysis can be based. Practically 
all the important dams in existence have been designed with 
this assumption as the starting point. 

Referring to Fig. 88, the reaction of the foundation at the 
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upstream face is less than at the downstream face, because 
the center of pressure ft,, is nearer the downstream than the 
upstream face. The length of the line AB - p, is the sm-H e r 
pressure and the length of the line EC - q, is the greater, and 
the pressure increases gradually, from B to C, as indicated by 
the straight line drawn between these two points. At any inter¬ 
mediate point, as N, the reaction of the foundation is shown by 
the length of the vertical line erected at N and equal to NY. 

Obviously, the average pressure over the whole founda¬ 
tion (per foot length of dam) is 2-y-S, and the total reaction 

is the average pressure multiplied by the area over which the 
pressure acts, which area, for 1 ft. length of dam, is equal to the 
length through the base, or l. 

Hence, 



But ( P ^ i = area of the pressure trapezoid A BCE. Hence, 

the moment of the trapezoid about any point must be equal 
to the moment of the weight ft, about the same point. 

Taking A as the point of rotation. 

Moment of ft, = R v d. 

Moment of trapezoid ABCE = 




RJ = g (p + 2 g) 

, „ 6 R,d 

P + 2? = j, - 


Also, from equation 141, 


, 2ft, 

V + Q = f 


Whence 


2 ft, /3d 
l 


(7 - 0 


(139) 


Solving for p from the foregoing equations, this is found to be 


V 




(140) 


18 



104 HYDRAULIC DEVELOPMENT AND EQUIPMENT 


Figure 89 shows the diagram of foundation reaction for the posi¬ 
tion of intersection of resultant with the base at the downstream 

2i 

end of the middle third, or d = j, making p = 0. For this con¬ 
dition, 



(142) 


Figure 90 shows the diagram of foundation reaction for inter¬ 
section of the resultant with the base line at a point %l from 
the upstream side. 

For this condition, 



notion for resultant ut end action for resultant outside 
of middle third. middle third. 


which is the tension in the masonry at the foundation, which con¬ 
tinues to the top, gradually diminishing to zero. 

Also, 


In general, 
and 


2«,/9 \ 2.5 R, 

l U ~ V “ r 


i 

< ~ 

ii 

& 

(143) 

Ar , 6*1 

*- ll 1+ l\ 

(144) 


6 being the distance from the middle of the base to the point 
where the resultant cuts the base. 





DAMS 


195 


l = length of base. 

A = W - L r , F being the weight of the section, and U 
the total uplift pressure of the section. 


It may be noted that U is generally negligible, and A = F. 
Also, if either p or q is known, the other can be found from 



II 

to 

— t> 

1 

(145) 

And 

2A 

9 = / ~ V 

(146) 

Note that when 

p is a tension and negative, 



+ 

-i ~_ 
OJ 

II 

1 

1 

II 

(147) 


The value of q is always the maximum pressure, per square 
foot, on the foundation, and this must be kept within the limits 
of safe bearing pressures of the material on which the dam nSay 
be built. 

These are as given in the following table: 

Table 31.— Safe Pressures, Tons per Square Foot 

Tohh per square foot 


Granite. 2K 

Sandstone . ... lf> 

Limestone. 11 

Shale, hard. 8 

Shale, soft. 3 

Hard-pan. 3 

Blue clay. 3 


It is not to be assumed that these values are limiting because 
of any specific factor of safety. They simply represent present 
practice. As a matter of fact, any ordinary natural stone in its 
native bed will safely support any artificial masonry structure 
that can be built upon it. 

Ordinary blue clay has withstood loads of 10 tons per square 
foot safely. Of course, if limestone is much fissured and honey¬ 
combed with cavities and cracks—as all limestone in stream beds 
is liable to be—the full bearing strength can lie obtained only by 
grouting the foundation, as elsewhere described. As it is always 
necessary to grout a limestone stream bed to prevent percolation 
under a dam, the bearing pressure of this material may be taken 
at its full value of 11 tons, or more, per square foot. 
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Where the dam is constructed on a soft, easily eroded material, 
the spillway toe must be extended downstream in the form of an 
apron, or mat, to protect the foundation against erosion from the 
swirls of the water pouring over the spillway. The general form 
and proportions of these aprons are given in the paragraph on 
“ Foundations of Dams.” The mat or apron described under the 
caption “ Foundations on Sand” is heavier and longer than would 
be needed for any but sand and soft clay foundations. No gen¬ 
eral rule can be given for proportioning these mats. 

Effect of Under-pressure.—The conventional and accepted 
ideas concerning the entrance or percolation of water under the 
base of a solid darn are: 

1. The full pressure, due to the head of water backed up by 
the dam, is exerted under the base, at the upstream edge of 
the joint. 

2. The pressure is zero at the downstream edge of the joint. 

3. The diminution in pressure is uniform through the base of 
the dam from the upstream to the downstream side. 

4. The total upward force exerted by the pressure taken over 
the whole base, is added to the reaction of the foundation against 
the base of the dam. 

5. The center of upward pressure is located at, a point 
2 from the upstream edge of the dam at the base line, and the net 

21 

force has therefore, a lever area about the toe = ^ . 

Based on these assumptions, many failures of dams have been 
ascribed to leakage through the foundation, and the necessity 
urged of designing dams heavy enough to resist this added over¬ 
turning moment, as well as the other normal ones due to water 
and ice pressures. How Buch a weird fancy could have ever ob¬ 
tained the importance of a standard engineering rule of design, 
is beyond the writer to understand, being contrary to every law 
of physics, mechanics and common sense. 

In order for the full pressure to be exerted under the base of 
the dam at the upstream edge of the joint it would be necessary 
for the whole dam to be without bond to, or contact with, the 
foundation. A good bond is always attempted in construction, 
and it would require special care to so build a dam that water, 
even in an infinitely thin film, could enter between the base and 
the foundation over any appreciable area. It might be that a 
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very short length would be without a tight base joint, and, as 
gravity dams are computed for a single foot length, as if each 
were independent of the other, this possible short section would 
seem unsafe. The adoption of a 1-ft. sectional length for pur¬ 
poses of computation and analysis is dictated by convenience 
only. Certainly, if sporadic openings, each a few inches wide 
and aggregating 10 ft. in length, should occur in the base joint 
of a dam 500 ft. long, the average uplifting pressure would be 
only 2 per cent, of the maximum that would exist if the whole 
base were acted on. Even if the whole 10 ft. were concentrated 
in one section, the adhesion of the ends of this section to the rest 
of the structure on either side, would serve to distribute the up¬ 
lift pressure through the whole mass of the dam. 

But assumption (4) is the one for which least excuse exists. 
This assumes that a structure having a certain weight rests on 
a supporting surface and that a water pressure interposes itself be¬ 
tween the whole area of the base of structure and that of the sup¬ 
port and then adds itself to the existing reaction of the support. 

This would mean: 

(a) That the base of a dam could rest only on a film of water 
and not touch against the foundation. 

(b) That the water pressure, plus the reaction of the founda¬ 
tion against the base of the dam is the total pressure against the 
base and the total reaction of the foundation, notwithstanding 
the fact that, according to the theory of an interposed film of 
water, the dam would not rest on the foundation, but on a water 
cushion, and the only foundation reaction possible would be that 
of the water. 

(c) That water having a given pressure would spread apart 
surfaces between which a much greater pressure exists, and add 
its pressure to that greater one which first existed. 

Having pointed out the fallacies of the existing theory, it now 
remains to show what the actual conditions are. 

To make clear the theory, assume, first, an artificial con¬ 
dition of a dam having a series of channels running transversely 
through the base from the upstream to the downstream side. 
These channels may be very flat in cross-section, being, in effect, 
open, horizontal cracks having a definite known width. 

If these channels are uniformly distributed over the whole 
length of the dam, computations can be made for a single foot 
length as applicable to the whole structure. Assume that 
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these channels occupy 25 per cent, of the area of the base of 
the dam, and that the remaining 75 per cent, is solidly sealed to 
the foundation, so that there is absolutely no percolation. 
Assume, further, that the cross-section of the channels is varied 
from the upstream to the downstream side, so that the velocity 
of the emerging water is small, and the pressure inside of the 
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Fio. 91.—Dam with channels through base. 


channels, practically zero, at the toe. The cross-sectional 
variation is, of course, effected by changing the vertical dimen¬ 
sions of the channels. The horizontal dimension is kept con¬ 
stant. This hypothetical structure is shown in Fig. 91. Ob¬ 
viously, it will be the equivalent of a dam having underflow 
through the base, which has a unit pressure equal to the full 



water pressure due to the head at the upstream side, and zero 
pressure at the downstream side. 

Assume the dam to have a vertical face with height, H = 50 
ft. Depth of water over the crest = h = 10 ft., making the 
water pressure at the base - 60 X 62.5 = 3750 lb. per square 
foot. Thickness through base * 50 ft.; thickness through crest 
8 ft. See Fig. 92, which shows the lower portion of this dam. 
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The weight of a 1-ft. length of this dam, if made of materia! 
weighing 140 lb. per cubic foot, will be 50 X - - ^ X 140 » 

203,000 lb. 

If the dam rests solidly on its foundation the average pres- 
203 000 

sure, per square foot, = -—= 4060 lb. 

If, however, the solid portion of the foundation is only 75 
per cent, of the total area of the base, the average pressure on 

4060 

the foundation is, actually, - Q ^ = 5413 lb., per square foot. 


For purposes of computation, it is convenient to vise the value 
4060 lb. per square foot, as if the whole base had a bearing on 
the foundation, and transform the final result to its proper 
value. 

For the foregoing conditions, and neglecting the uplift pressure, 
the resultant will intersect the base at a point 22.63 ft. from the 
downstream toe. This is l>est found graphically, though it 
can be located, algebraically, by t he formula, 


_ 21 _ a 2 _ Pzx 

P ~ 3 3'(f'+ a) W 


(147) 


P- distance from downstream too to point where resultant 
intersects the base. 

H H + Zh 


zt = 


3 H + 2h 


= height of center of pressure. 


P — water pressure on face of dam, for 1-ft. length * 
62MH + 2 h)H 
" 2 

W = weight of section, for 1-ft. length. 

I = thickness through of the section, 
a = thickness through crest. 


Substituting the proper values, jS is found to be 22.63 ft., 
’ which locates the position where the resultant intersects the base. 
The pressure, per square foot, at the upstream side (assum- 

ing solid contact over all the base) isp = y^l — m 

A = net weight acting on foundation and e — distance from the 
middle of the base to the point where the resultant cuts the base. 

«” L — 0“25 — 22.63 - 2.37 ft. 

mt 
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Hence, 

/ ft 

p - 4060 pl¬ 
over the whole area, or = 3873 lb. per square foot, of 

actual base support. At the downstream edge, the pressure 
is q and is equal to 2 X 4060 — 2905 = 5215 lb. per square 
foot of total base area. 

If now, an uplifting force be applied under the dam, due to the 
water in the channels, the water pressure underneath the dam 
at the upstream side, will be 62.5 X 60 = 3750 lb. per square 
foot. The under pressure at the downstream side is assumed at 

3750 

zero, hence, the average uplifting pressure is - 2 = 1875 lb. per 

square foot. The total area against which this uplift pressure 
can act, per foot length of dam, is 50 X 25 per cent. = 12.5 
sq. ft., and the total uplift'pressure is 12.5 X 1875 = 23,437.5 
lb. per foot length of section. 

The center of under pressure is ^ = 16.66 ft. from the upstream 

face of the dam. This force is most easily combined with the 
existing forces, graphically, by methods previously given. 

The new position of the resultant, after the application of 
the uplifting force, may also be found, algebraically, from formula 
(134), which is 


X 2.37 
50 


j = 2905 lb. per .square foot, taken 


I(2A - kl) 
6A ' 


in which 

0 =* horizontal distance from downstream toe to position where 
new resultant cuts the base. 

A - W - U. 


k 

U 

* 

W 

J 

V 


p-J. 

total uplifting force, per foot length, 


62.5 tf,{H + h ) 
2 


fractional proportion of total base area under which water 
can penetrate. 

weight of section, per foot length. 

pressure, per square foot of base, at upstream side due to 
uplift = 62.5 {H + h)<t>. 

pressure, per square foot of base, due to weight that exists 
at upstream side when no uplifting pressure is applied. 
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From the graphical construction, the intersection of the 
resultant with the base is found to have moved to a point 
21.23 ft. distant from the toe. The same result is found from 
formula (134) by substituting values as follows: 

l = 50, W = 203,000, p = 2905 lb. per square foot, J «■ 
0.25 X 3750 = 937.5 lb. per square foot, U = 23,400, A » 
203,000 - 23,400 = 179,600. 

Then 

- _ 50 [2 X 179.000J- (2905 - 937.5)50] _ ■ 

P ~ 6 X 179,600 ~ M ”• 


Total weight on foundation = A = If — U = 179,600 lb. 

179 600 

Average pressure, per square foot of area, of base = —jA— 
3591 lb. 


Pressure at upstream side is, 

P‘ = T ( l - t) = 3591 K 1 - 6(2 ° 50 21 ' 2O) ) I = 1964 lb - per 

square foot, taken over whole area of base. 

Also, the weight on the foundation at the downstream side is 
2 X 3592 — 1964 = 5220 lb. per square foot, based on the 
dam resting over the whole foundation. Since, however, it 
rests on only 75 per cent, of the base area, the actual pressure, 

5220 

per square foot, on the down stream side is ^ ^ = 6960 lb. per 


square foot. 

This may also be computed by deducting the value of the 
unit pressures of the uplifting force at the toe and the upstream 
side from the unit pressures of the gravity force at those points, 
to find the net pressures acting on the solid portion of the 
foundation. 

The previous pressure of 2905 lb. at the upstream side, is now 
reduced to 2905 - 937.5 = 1967.5 lb. per square foot, of 

1QA7 

total base area = = 2622 lb. per square foot, of actual 

U.7o 

contact area, 937.5 lb. being the water pressure under the base, 
per foot length of dam, when the voids are equal to 25 per cent, of 
the base. The previous pressure at the toe of 5215 lb., remains 
unchanged, the value of the uplift pressure at the toe being 
zero. The average pressure over the whole foundation is 
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1967 + 5215 _ 359 j ]b. per square foot of total area, or 

= 4789 lb. per square foot, of actual contact area. 

The total pressure for 1-ft. length, 50-ft. base = 50 X 3591 = 
179,550 lb., which corresponds to the total weight on the founda¬ 
tion, per foot length, of 203,000 - 23,437 = 179,563 lb., which 
checks with the previous calculation within the limits of the 
decimal places to which the quantities are carried. 

In the case where the existing pressure p on the base at the 
upstream side of the dam is very small, or zero—which latter is 



the case when the resultant intersects the base at the down¬ 
stream end of the middle third—the uplift pressure, J, being 
greater than the pressure p, tension is produced at the upstream 
side. Consider the dam shown in Fig. 93, with a base length of 
50 ft. and having its resultant intersect the base at c, very near 
the end of the middle third, the distance of c from the toe, or 
$, being 17 ft. The pressure on the foundation at the up¬ 
stream side of the joint is -g^[l - - ~ 5 q—~] = 16 » lb - Per 

square foot. 210,000 = weight of section, and —*= 4200, 
is the average pressure, per square foot, over entire base. Pres- 
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sure at downstream side of joint is 2 X 4200 — 168 = 8232 lb. 
per square foot, taken over entire base. Assume that an uplift 
pressure be now applied, and that the area of voids penetrated 
by the water, or <f>, is 20 per cent, of the whole base. Head of 
water 60 ft. Then the uplift pressure at the upstream side will 
be 60 X 0.20 X 62.5 = 750 lb. Deducting this from the 
existing pressure of 168 lb., there remainh -582 lb. = k, the 
negative sign indicating that the pressure is negative and is, 
actually, tension. That is, the uplift pressure at the upstream 
side not only counteracts the pressure due to the existing weight, 
but exerts an unbalanced force tending to separate the dam from 
the foundation. 

In this case, part of the uplift pressure reduces the weight of 
the dam, acting on the foundation, and part sets up a tensile 
stress in the upstream side of the masonry. This gives k, in 
formula (134), a negative value. Assuming <f> = 20 per cent, 
and H + h = 60 ft. 


U = total uplift pressure 


50 X 0.20 X 62.5 X 60 
2 


18,7501b. 


A = w — V = 210,000 - 18,750 = 191,2501b. 

, . . 15.4 ft. “ distance from 

toe to where resultant cuts the base. 


e 


50 

2 


15.4 = 9.6 ft. 


Average pressure on base, is 

^ = 3825 lb. per square foot. 

I 50 

Pressure on base at downstrean toe is 


q = Z ~ -k = 2 X 3825 - ( - 582) = 8,232 lb. per square foot. 

But q and k are based on the pressure (or tension) being spread 
over the whole area of the base, while they are, in reality, applied 
to only 1 - 4> per cent., of the base area. In this case, 1 — ” 

682 . 

80 per cent. Actual tension at upstream side = g gQ * 7i7.o 

X J 8232 

lb. per square foot. Pressure at downstream side “ q go m 
10,290 lb. per square foot. 
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In the foregoing examples, the values of 4> taken were made 
great to illustrate the principles set forth. In practice, the 
value of <t> could not reach 20 or 25 per cent, except under extra¬ 
ordinary conditions. 

These methods of analysis differ from the usually adopted 
ones, only in: 

(a) The assignment of the coefficient <t> to the uplift pressure, 
and which coefficient represents the ratio of area of the voids 
underneath the base of the dam to the whole base area. 


(6) The use of the coefficient 


1 

i - 


to determine the unit' 


pressures of the dam on the foundation. Some arbitrary 
coefficient, to determine the uplift pressure, has been in general 
use, but it has been applied as a factor which was meant to give 
the ratio of the water pressure at the up stream edge of the base, 
to the average water pressure under the base, and, while it worked 
somewhat in the same fashion as the rational area relationship, 
it was vague, and from its very vagueness was made unnecessarily 
large—becoming, in reality, a factor of ignorance. 

To Recapitulate. —1. Water enters under the base of a dam 
only through construction or contraction voids, which voids 
would exist even if the dam were above water, and dry. 

2. The only uplift pressure possible is that due to the under 
pressure, multiplied by the area of the voids cut by a horizontal 
plane through the base. 

3. The water pressure under the base, if existent, may, or may 
not, diminish with approximate uniformity from the upstream 
to the downstream side. This pressure variation is peculiar 
to each individual structure. 

4. The unit pressures of a dam on its foundation are pro¬ 
portional to the whole base area, minus the area of the voids 
cut by a horizontal plane through the base. 

5. The horizontal cross-section of the voids in the base of any 
gravity dam, can not be sufficiently great to be an appreciable 
proportion of the total area, no matter what the construction. 
In an ordinarily well-built dam they should be negligible and, 
certainly, under 5 per cent. Probably in no single short section 
of, say, 2 ft. length, would the area of the voids exceed 40 per cent. 

6. The effect of the uplifting force is substantially negligible 
and any failure of the dam, by overturning, must be assigned 
to other causes. 
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To these statements there may be general assent so far 
as they relate to the dam itself, and its actual base contact 
with the foundation, but it may be alleged that the voids, 
fissures and breaks in the foundation might be sufficiently 
great in number and area to allow the production of a danger¬ 
ous uplift pressure. To any such reasoning, the reply is that it 
is not proper engineering to compensate for a fault in one ele¬ 
ment by an over-strengthening of some other one. If the 
foundation is faulty, correct the fault by thorough grouting. 
This is cheaper than building a costly dam of excessive volume 
and base thickness. Furthermore, a bad foundation, unfilled 
and unstrengthened will finally lead to disaster, even though the 
dam be thick and heavy. The natural recourse, in the case of 
bad foundations, is to build a hollow, steel-reinforced, concrete 
structure, as is shown later. 

Classification of Types of Dams.—In general, there are three 
broad classes of dams. 

One is that in which the weight of the material, of which the 
dam is composed, resists the forces set up by the water pressure. 
This type is called the “gravity dam,” though some writers 
persist in calling the hollow, inclined-deck dam, a gravity dam. 

The second is the hollow dam having an inclined upstream 
face which depends, principally, on the vertical component of the 
water pressure to hold it in place. 

The third is the kind which is curved in plan and resists the 
forces, set up by the water pressure, by acting as an arch. 

There may be mixed types, combining two or all three of these 
broad elements. 

Gravity Dam—Referring to Fig. 84, the center of gravity of 
the cross-section is at G. Consequently, the weight of the dam 
may be considered to be concentrated at G and acting vertically 
downward. Considering 1 ft. length of dam, the area of the 
cross-section of the dam, in square feet, will give the number of 
cubic feet, per foot length. This number of cubic feet, multi¬ 
plied by the weight of the material, per cubicfoot, gives the value of 
the vertical force acting through G. 

The weight, per cubic foot, of masonry varies, but is in prac¬ 
tical accordance with Table 32. 

Calling w the weight, per cubic foot, and A the area of the . 
cross-section of the dam, • in square feet, the weight, per foot 
length, is uA. 
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Table 32 

Lb. per cuble foot 


Cut atone laid in mortar, granite. 170 

Cut stone laid in mortar, sandstone. 150 

Cut stone laid in mortar, limestone. 160 

Cyclopean masonry. 140 

Concrete. 140 


Resistance to Sliding.—The force which tends to shove the 
dam downstream is J^62.5 H 2 lb. per foot length of dam. If 
the dam be considered as merely resting on its foundation, 
with nothing to hold it against the water pressure but the 
frictional resistance between the base of the dam and its founda¬ 
tion, the resistance to sliding, per unit length of dam, will be 
<t>o>A, in which <#> = coefficient of friction. 

For the conditions which usually obtain, <t> = (approximately) 
0.65 to 0.75. Taking the smaller figure, if the factor of safety 
against sliding be 2 , then , 

IP 

0.6.W1 = 2 X 62.5 2 

and, therefore, 

62.5//’ 

A 0.65« 


Thus, for a dam of concrete having a vertical face 50 ft. high, 
only resting on the foundation, 


_ 2500 X 62.5 
A 140 X 0.65 


1717 sq. ft. 


This indicates an excessive cross-section and shows that a 
dam having a vertical face must be sunk well into the foundation 
so that there must be shear of the dam or its foundation before 
sliding con occur. 

For a dam having a sloping upstream face, the weight on the 
foundation is increased, due to the vertical component of the 
water. Thus in b, Fig. 82, the force due to the weight of the 
cross-section of the dam, per foot length, is given by the vertical 
line Gs acting through the center of gravity <7. The force due 
to the vertical pressure of the water, P„ is equal to ^ X 
62.5 H* tan 0 which, added to the force Gs, gives the force 
sK, making the total vertical pressure 

W, = u>A + % X 62.5H* tan 0 
The total resistance to sliding then becomes 
<t>(aA + HX 62.5H* tan 9) 


( 148 ) 








DAMS 


207 


This value should be not less than twice the pressure which 
would cause sliding, i.e. 

<j>(uA +HX 62.5H* tan 6) > 2Qi X 62.5H*) 

whence 


A > (1 - H*tan« 

<po> 


(149) 


For example, if a dam were 50 ft. high and the slope of the 
upstream face were 30° and the coefficient of friction 0.65, the 
cross-sectional area to prevent sliding, with a factor of safety of 
2 , should be not less than 


62 ' 5 X 2500 (l - \/ 2 X 0.65 X 0.5773) = 1395 sq. ft. 

0.65 X 140 

This area is also excessive for the cross-section of a 50-ft. 
dam, as will appear from formula; given later. 

The approximate cross-section for a 50-ft. dam, having a 
top thickness of 8 ft., is about) 1250 sq. ft. Hence, for a factor 
of safety of 2, the slope of the upstream face for a dam 50 ft. 
high and made of concrete, must be not less than 51 % , if the 
dam is not sunk into the rock and simple sliding friction only, 
is depended on to resist the horizontal thrust of the water. 

This value of 6 is derived as follows: 

An approximate formula for the area of a section II ft. high, 
is 

A = H (j + 0.333// )sq ft. 


in which 

a = thickness of dam at the top. 
equating this to the value of A required to give a factor of 
safety of 2 against sliding 


whence 


, a „\ 62.5 Xff 1 /. 4>tan?\ 

A = H ( 2 + 0.333 Hf = ^ x 140 \ 2 / 

+(MW.) (150) 


, - specfic gravity of material of which dam IB made. For 
concrete 

142 

$ = 


2.28 


62.5 

tan 6 m 2 - 2.28[ J + O.m] 
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For 4> *» 0.66, a ■> 8 ft. and H = 60 ft. 

Tan 8 - ^ - 2.28 + 0.666) - 1.253. 

Therefore, 6 = 51j^° (approximately). 

Of course, A does not vary, strictly, as H l , but it is so nearly 
proportional to it that the minimum value of 6 , as found from 
equation (150), will change but little, for various heights of dams, 
unless the value adopted for <j> is changed. 

A slope of 51° is excessive for any except certain types of wood- 
frame dams. Therefore, it is clear that any commercial form of 
masonry dam must have its base sunk into the rock, or hard-pan, 
which forms the bearing surface, so that actual shear must take 
place before sliding is possible. 

For unreinforced concrete, or masonry, a safe shearing stress 
is 50 lb. per square inch, or 7200 lb. per square foot. 

Hence, the thickness, 5P,of the base, for vertical face dams of 
concrete, must satisfy the equation 

M X 62.5 H' = 72007 1 (151) 

whence 

62 

7 = 2 X 7200 = 0 0043 4// 2 (152) 

For a dam 50 ft. high, therefore, 

T = 0.00434 X 2500 = 10.85 ft., which is less than one- 
fourth the thickness required to resist overturning. 

The formulae and example show that if a dam is properly 
designed to resist the other forces acting on it, and has its base 
sunk into the foundation earth, or rock, it is amply strong to resist 
sliding, for H less than 200 ft. 

The foregoing formulae apply only to dams that have no 
water flowing over the crest. Since most dams constructed for 
power purposes, have water overtopping them, the proper values 
for sliding pressure as given in equation (123) should be used 
in all computations. 

Wherever horizontal joints are made, they should be stepped 
off, or broken, in some effective manner so that the full value of 
the resistance to shear of the material, cam be secured. 

Resistance to Overturning.—Referring to Fig. 94, the center 
of gravity is at G and the horizontal distance from this point to 
the vertical line through the toe of the dam, is L, as shown. 
The moment, resisting overturning, is usually taken as equal to 
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the weight of the dam multiplied by the lever arm having a 
length equal to the horizontal distance from from the center of 
gravity to the toe. Considering 1 ft. length of dam, the weight 
is « A, in which A is the area of the cross-section of the dam and 
o) is the weight of the masonry per cubic foot. If L is the hori¬ 
zontal distance from the center of gravity to the toe, the 
moment due to the weight is LuA. 

The overturning moment for dams not overtopped by water 
is 10.4//,* and, for a factor of safety of 2, 

IcoA - 2 X 10.4//* (163) 


D 



Fia. 94.—Computation of strength of dam through horiiontal section*. 

Taking the average value of « at 140 lb., 

LA = 0.1486//* (164) 

For dams with inclined upstream faces, the vertical com¬ 
ponent, H„ of the water pressure, acts against the face of the 
dam at the center of gravity of the pressure triangle, or trapezoid. 
It has a lever arm from its point of application back to the line 
of the toe, equal to the horizontal distance represented by L\ 
in b, Fig. 82. 

The resistance to overturning then becomes 

LuA + H*Li or LuA + H X 62.5ff*Iu tan 8 (166) 

in which, 6 •* angle between the face of the dam and a vertical 
line. 


it 
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If a dam has an inclined upstream face and a maximum height 
of water over its crest h, with a factor of safety of 2 against 
overturning, the equation becomes 

2 X 62.5 H 2 (%H + /4h) — LuA + 3^ X 62.5 H 2 L, tan 6 (156) 
whence 

, 62.5 H* \2H , M T 1 

A= 2 Lu U + 2fc -^tan«J ( 157 ) 

In computing the cross-section required to resist overturning, 
it is not sufficient to take into account only the moment of the 
entire cross-section of the dam about the toe. 

To proportion a dam properly it is sometimes necessary to 
make computations for several sections—not less than three, 
and usually, at, vertical intervals of 10 ft. This is done by 
dividing the figure into the number of horizontal sections desired. 
Fig. 94 is divided into three sections, as shown, the first be¬ 
ing from the top down to the line CE, the second from the top 
down to the line SK, and the third from top to bottom, including 
the entire structure. Considering the first section, the over¬ 
turning moment of the water is 10,1V, h t being the depth of 
water down to line CE. Let the area of section of the dam, DEC, 
included between the upper edge and the line CE, be equal to 
A x , and the horizontal distance between its center of gravity 
and the rear face of the dam where CE intersects it, equal to 
Ii, the weight per cubic foot of material being u, then the resist¬ 
ance of the upper section to overturning, about the line CE,- is 
LuA 1 , This must be. greater than the overturning w'ater 
pressure 10.4V. Similarly, the overturning water pressure 
about line SK is 10.4V, h t being the depth of water down to 
line SK. The resistance to overturning is 1 2 uA 2 , in which A 2 
is the area of section from the top down to line SK, and U is the 
horizontal distance of the center of gravity of this section from 
the rear surface of the darn. In the same manner, the total water 
pressure and resistanee to overturning of whole dam are 
computed. 

All the computations should show the dam amply strong at 
every point. If any section taken shows too small a resisting 
moment, the dam must be thickened at that section until the 
calculations show it to be safe. 

The foregoing analysis is in accordance with most works on 
ifcs subject of dams. It is partly misleading in that it assumes 
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an enormous mass as turning on a thin corner at the toe, which 
is impossible. In the case of actual overturning, the toe would 
begin to crush under the heavy unit pressures imposed on it and 
as the dam continued to turn over, the masonry at the toe would 
continue to crush, so that the rotation would take place about 
a roughly rounded toe and the lever arm would be, progressively, 
diminished. 

It, however, is the only way known for computing the resist¬ 
ance to overturning, and when the resistance to crushing is 
considered, the formulae are probably not greatly in error. 

Design of Gravity Dams. —The cross-section of a gravity dam 
may be designed by trial and error methods. However, there 
are a few simple, approximate formulae, from which the section 
of a dam may be quickly computed, and the approximate section, 
thus found, corrected by trial and error, with much less labor than 
is required if the calculations are made without a basic outline 
from which to work. There are also, general, exact formulae, 
which are given later herein. 

The height of the dam should be divided into vertical sections, 
and intermediate base lines drawn through each section. All 
that portion of the dam lying above the first (top) section should 
be treated and analyzed as a dam having a height equal to the 
height of the water level above the first base line. The second 
section (next to the top) should be treated in the same manner, 
rememliering that the second section comprises the first or top 
section as a portion of its cross-section. Continue in this way 
to the bottom or natural base line of the dam. 

There should he at least three sections taken on any dam, and 
more where the height of the dam exceeds 30 ft. A good height 
of section is 10 ft. If the height of the dam exceeds 30 ft. but 
is not a multiple of 10 , the last or lowermost section should be 
the one having the height that is not exactly 10 ft. 

The formulae for a gravity section having a trapezoidal form 
and a vertical upstream face, in which the resultant force will cut 
the base just at the downstream end of the middle third, are as 
follows: 

For the top section. 


I = ~ r if the top is rectangular. 
Vs 

l =» if the top is parabolic. 


(158) 


(159) 
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l — distance from front to rear face, i.e., thickness of dam 
in feet. 

H = depth of section below crest. 

* = specific gravity of material of which dam is constructed 

<t> 

= 62 5 - 2.24 for concrete. 

These formula apply only to cases where the dam is not 
overtopped with water. 

For dams having a thickness of water, h, over the crest, the 
approximate formula for the uppermost section of a parabolic 
topped dam is 

1 - db <“°> 

in which 

H. = + 3 H*h (161) 

H = height from base line of section to top. 

For concrete, formula (160) reduces to 

l = 0.6G6 H,. (160a) 

For overflow dams, always use the value for 11, in the formula 
for thickness through a section. 

These formula are all approximate only. Also, they are for 
dams without uplift under the base, or ice pressure at the top. 

Practically all power dams have a rounded top over the greater 
portion of their length, which acts as a spillway, or weir, while 
a smaller length, higher than the spillway section, is square- 
topped, and technically known as the “bulkhead” section. 
The curve of the top of the dam should be that of the underside 
of a free nappe when the maximum head of water is passing over 
the crest. 

An arc of a circle is used in practice, for both the parabolic 
curve at the top and the curve in the toe at the bottom. While 
a circular arc is the proper curve for the toe of the dam, it is 
advisable to make the top curve a true parabolio section. 

The path of the nappe is parabolic, and the ordinates of the 
curve are computed from the table and formula previously 
given in the chapter on “Weirs and Orifioee.” . 

The approximate equation 


** - 1 . 78 yh 


( 162 ) 
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will, however, give a curve that is sufficiently dose for every 
practical purpose. 

h = height of water over the crest of dam. 
x = horizontal abscissae of curve. 
y = vertical ordinates of curve. 

If the velocity of approach is above 4 ft. per second, this 
should be included in the formula. In this case, 

hi = h + gg ( 0.25 y/h + Va j (163) 

Va being the velocity of approach. This value of hi should be 
substituted for h in formula 162. 

The vertex of the parabola is at the highest point on the 
crest, and the x values are measured horizontally in a downstream 
direction, while the y values are measured vertically downward 
from -the horizontal line at the elevation of the highest point 
of the crest. 

The radius of the circular arc which forms the bottom of the 
spillway at the toe seems to be a matter of individual preference 
on the part of the designer. 

Good practice makes the radius = g , and the center is located 

at this height, vertically above the end of the toe, as shown in 
Fig. 95. The end of the toe will be a distance equal to R cos 8, 
downstream from the tangent point on the rear face of the dam, R 
being the radius adopted, and 8 being the angle the line of the 
downstream face makes with the vertical. The tangent point will 
be at a height, measured along the downstream face from the 
toe, equal to 


•v/a’(l + tan’ 8), 

(164) 

T + g 0 ~ «in 8) 

(185) 


T = vertical thickness of end of toe, i.e. is the vertical distance 
from the base line to the top surface of toe at its downstream 
end. 

Frequently, the toe is shortened and not carried out to a point 
where the water is discharged horizontally. This results in a 
s mall saving, and where the spillway discharges into a stream 
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bed of fairly good rock, there is no objection to shortening the 
toe. 

As an example of the use of these formula, take the design of 
the cross-section of a dam to fulfill the following conditions. 

H = height of crest above foundation = 60 ft. 
h = maximum height of water over spillway = 12 ft. 

Va = velocity of approach of water, at maximum discharge = 
10.1 ft. per second. 


High Water Level 



Resultant of forces to fall at end of middle third. 

Factor of safety, approximately = 2. 

Material—concrete. 

u « weight, per cubic foot, of material = 140 lb. per cubic feet. 

140 

j « specific gravity of material = ^ 5 = 2.24. 


Total pressure acting on dam, per foot length = 
(60 + 2X12 )6 0 ) 02 . 5 . 


2 
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Figure 95 shows the section of this dam. 

First, round off the upper, upstream corner, so that the highest 
point of the spillway is 3 ft. back from the face of the dam at a. 
This rounding should begin 18 in. below the level of a as indicated. 

Next, compute the parabola for the top section. 

From formula (163), 

hi - 12 + ^ ( 0.25a/12 + 10.1 ) = 13.768. 

From formula (162), x ! = 1.78 X 13.768 X y = 24A2y 

For x = 1 ft., y = ^ 42 = °- 041 

For x = 2 ft., y = ^{2 = 0-1636 ft. 

For x - 3 ft., y = = 0.368 ft. 

For x = 4 ft., y = 24 42 = °.654 ft. 

For x = 5 ft., y = 24 42 = '- 02 ft - 

In this manner, the following additional values of y are found: 

Forx = 6 7 8 9 10 12 14 16 18 20 

y = 1.47 2.01 2.62 3.31 4.09 5.9 8.02 10.5 13.26 16.4 

These values are plotted in Fig. 95, beginning at the point 
a, which is the vertex of the parabola. The resulting curve is 
abc, as shown. 

At a depth of 10 ft. below the crest, the thickness through the 
dam is 18.6 ft., which thickness is fixed by the parabolic curve. 
The thickness required to cause the resultant of all the forces 
to fall within the middle third of a section, whose base line is 
10 ft. below the crest is, 

h - 0.666 H. u where = ^( 10 )» + 3 X 10* X 12 - 16.74 

h = 0.666 X 16.74 = 11.16 ft. Hence, the dam iB 18.5 - 
11.16 - 7.34 ft. thicker at the 10 -ft. level than strength re¬ 
quires. This, however, is not a loss of masonry. The extra 
weight helps to produce a higher gravity moment for the whole 
dam, and will, therefore, permit the masonry to be made thinner 
at some lower section. 
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The thickness through the bottom section at the foundation 
base line may now be approximated. 

11 - 0.666H,,. H„ = 1/(60)* + 3X (60)* X 12 = 70.2. 

I, = 0.666 X 70.2 = 46.75 ft. 

This length is laid out and from the end of the base line 
thus found, at point d, a straight line is drawn to point c, at which 
the parabolic section is stopped. The point of ending the 
parabola is arbitrary. Usually it is carried down until the 
line, cd, to the downstream end of the base, is tangent to the 
curve, the line and curve connecting smoothly, x = 1 . 6 A is, 
usually, a sufficient distance to extend the curve. 

The area of the cross-section from the topmost point of 
the crest down to the end of the parabolic curve, or the area 
ahefa, is %xy = % X 20 X 16.4 = 218.66 sq. ft. This follows 
from the fact that the area included between a parabola and 
its axis is %xy. The area ajej is 3 X 16.4 = 49.2 sq. ft., neg¬ 
lecting the rounded corner. Total area down to line ce = 267.86 
sq. ft. 

Area below line cc = ( 23 ^ ^’ 7j J 43.6 = 1520.5 sq. ft. 


Total cross-sectional area of whole dam = 1788.36 sq. ft. 

Total weight, per foot length = 1788.36 X 140 = 250,400 lb. 

The center of gravity is located with sufficient accuracy 
by prolonging the tangent forming the downstream face until it 
intersects the horizontal line drawn through the top of the crest, 
and treating the figure as a trapezoid. 

However, in this case, partly for greater accuracy and partly 
to show how the rules for finding centers of gravity are used, 
the exact method will be employed. 

Taking first, the parabolic section included between the 
curve abc and its coordinates, of and ok. the center of gravity 
3 X 20 

7.77 ft. horizontally from the axis af of the parabola 


is 


and 


8 

3 X 16.4 


9.84 ft. vertically, from upper horizontal line ok, 


and lies at g, (see Fig. 77). Considering qfei as a parallelo¬ 
gram, its center of gravity lies at g„ its geometrical center. 

Area, parabolic section « 218.66. 

Area, rectangular section «= 48.20. 

Length of line g^g. «■ 9.33 ft., by scale. 
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Then the center of gravity of all that portion lying above 
the line ce, lies on line g^o and at distance, x, from g p such that 
218.66® = 49.2 (9.33 — x) (Equation (114)). 

Whence 

x = 1.715 

which locates g op . 

Center of gravity of trapezoid cdne is found graphically. It 
lies at Gi. The center of gravity, G, of the whole dam lies 
on the line joining Gi and g op . 

Length of line Gi g„ PI from scale = 32. 

Area, upper portion = 267.86. 

Area, trapezoidal portion = 1520.5. 

Distance of G from g op = x 

267.86a; = 1520.5 (32 - a;) 
x = 27.21 ft. 

which locates G. 

Combining the water and gravity forces, the resultant is 
found, and it cuts the base just inside the middle third. 

Each section can now be separately analyzed to discover 
if the dam is too thin at any point in its height. For this type 
of dam with only the water and gravity forces acting, any further 
analysis is unnecessary because the topmost section has been 
found thicker than necessary and the bottom, or whole section, 
as heavy as the middle third requirement demands. The 
whole section, from the top down to the base, being bounded 
by straight lines, it is obvious that each section will show an 
excess thickness, this excess increasing with the height above the 
base. 

The total resistance to overturning is 

250,400 X 30 = 7,512,000 lb.-ft., 30 being the horizontal 
distance from the center of gravity of the section to the down¬ 
stream end of the base. 

( 60 12 \ 

g + 2 ) “ 3,600,- 

000 lb.-ft. 

7 512 000 

Factor of safety = 3 ’gQo 000 ~ w *'* c * 1 ' 8 * P 61 cen *' 

greater than the factor of safety required. 

It is to be noted that where the resultant falls just at the 
end of the middle third, the factor of safety against overturning. 
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(neglecting the effect of the toe) is about 2. While it is cus¬ 
tomary to neglect the effect of the toe, it, unquestionably, adds 
considerably to the strength against overturning. Althou gh its 
cross-section is small, and it will break through under a com¬ 
paratively small force, the break will not occur at the exact face 
of the dam, but at some distance downstream from it, so that 
it adds to the lever arm of the gravity force and increases the 
moment against overturning. 

Exact Formula for Solid Dams— The exact formula for the 
thickness of a gravity section at any point in its height, are as 
follows: 

Thickness of section required to make the resultant cut 
the base at the downstream end of the middle third of the 
section taken, is 

' n -«;«Hv. h c,.c (1M) 

Values of the symbols are: 

For vertical upstream face. For inclined upstream face. 

A =//(// + 3/i). H(H + 3h)(l + tan 2 6). 

B - sa(a + 2 H tan d). 

C — s — <f>. j — (p, 

D * «*• $ a + tan 0[2(// + 2 h) - tH]. 

I = thickness of section. 

H = height of section. 
h =» height of water level above crest. 

r - specific gravity of material = weight per cubic Joot = 

62.5 

2.24 for concrete. 

4> - per cent, of total area of base, under which it is assumed 
water can penetrate, and expressed as a decimal fraction, 
a * thickness of crest, in feet, as arbitrarily adopted. 

6 - angle the upstream face of the dam makes with the 
vertical. 

p - force due to ice pressure, per foot length of dam. 

Note that when h has a value, p = 0, and when p has a value, 

h * 0. 

Formula for thickness of section for a given factor of safety 
against overturning. 

I .^- 0 .*,] + ^+ (“)’-* 


(167) 
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The values of these symbols are: 


For vertical upstream face. ' 
A = H(H + 3ft). 

E = 2(< - «/>F). 

F = factor of safety. 

J = so*. 

A' = 2 so. 


For inclined upstream face. 
H(H + 3 ft). 

2(j - *F). 
factor of safety. 
so 2 -f- 

tan 6H[ 2jo + tan 9 (H + 3ft)]. 
2$o 4- tan 6[Z(H 4* 2ft) — tH]. 


a, j, p, 6, H and ft are as just previously given. 

Formula for factor of safety of a given section against over¬ 
turning 


2s l 2 + KI-J 
A + 0.096p + 


(168) 


For strict accuracy, the formula should take account of the 
rounding and parabolic form of the top. Also, the exact value 

s - *F( 

assumed, it is simpler to take a value of <t> equal to 1 + A times 


of E is 2^ 


H + h 
H 


j j. Since, however, <#> is arbitrarily 


the value actually required. 

The factor of safety assumed may, or may not, bring the 
resultant of all the forces within the middle third. Hence, a 
computation should be made with formula (166), and the value 
for length of base, as given by it, compared with the length of 
base required for the desired factor of safety, and that which is 
found to be the greater, adopted. 

When gravity dams are of considerable height, say 100 ft. 
or more, the pressures near the base may be too great for safety 
against crushing, even though the resultant may fall within the 
middle third, and the factor of safety against overturning large, 
considering the section on the basis of mass only. 

The minimum thickness through any section, such that the 
dam may be safe against excessive crushing stresses, is given 
by the formula _ 


P 


l6PZ+a 1 uH 

s -- 


pressure against one foot length of dam 


(169) 

62.5A(ff+2A) 

2 


Z * height of center of pressure 


H H + Zh 
3H + 2A 
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u = weight of cubic foot of material - 140 lb. for concrete. 

8 = pressure material will sustain safely, per square foot. 

H, and a are as given in preceding formulae. 

Values for l and H are for any point in the height of the dam. 

As an example to illustrate the use of these formulae, and 
also to compare the value of l computed from them with that 
obtained by using the simpler, approximate formulae, take the 
same example as before given, namely, 

H = 60 ft. h = 12 ft. a = 8 ft. 6 = 0. 

p = 0. i = 2.24. F = 2.08. 0 = 0. 

To find length of base so that the resultant cuts it just at the 
end of the middle third. Equation 166. 


A = 60(60 + 3 X 12) = 5760 

B = 2.24 X 8 s = 143.4 

C « 2.24 - 0 '= 2.24 

2) = 2.24 X 8 = 17.02 

= [5760 + 143.4 + 0 / 17.92~\ i_ 17.92 

\ 2.24 + \2 X 2.24/ 2 X 2.24 

- V2642 + (4)* - 4 = 47.56 ft. 

By the approximate formulae, l was found to be 46.75 ft., 
or 0.81 ft. less than given by the accurate formula, which is a 
difference of about 2 per cent. 

To find the thickness through the base for a factor of safety 
against overturning equal to 2.5, of a dam having the following 
constants: 

H = 50 ft., h = 10 ft., 0 = 0.24, 6 = 30°. 

0 = 8 ft., s = 2.24, to = 17.92, p = 0. 

Tan0= 0.5774. 


Then, from equation (167), 


A 

E 

J 

K 


l 


50 (50 + 3 X 10) = 4000. 

2 (2.24 - 2.3 X 0.24) = 3.28. 

2.24 X 8* + 0.5774 X 50 [2 X 17.92 + 0.5774 (50 + 
2 X 10)] = 143.4 + 28.87 [76.26] = 2345. 

2 X 17.92 + 0.5774 [3 (50 + 20) - 2.24 X 50)] = 
35.84 + 0.5774 [98] = 92.42. 



V3764 + (14.09)* - 14.09 = 


92.42 92 .42 

2X3.28/ 2 X 3.28 

48.85 ft. 
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Figure 96 shows the approximate cubical contents of vertical 
faced gravity sections, per foot length, for different heights of 
dam and overfall. Of course, the quantity of masonry in any 
section, for a given factor of safety, will vary with the thick¬ 
ness of crest assumed and the specific gravity of the masonry. 
Hence, the curves shown are only general guides for preliminary 
computations. 



face. Spillway section. 

It now remains to be seen whether the pressures on the 
foundations in the two preceding examples are within safe 
limits. 

From equation (139), the maximum foundation pressure at 
the toe of the dam is 

g „ __ — ij lb. per sq. ft 
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l ■» length through base of dam. 

R, = net vertical pressure of dam, per foot length. 
d distance of resultant from upstream face. 


For the first example, R, = W = 250,400 lb. 

I = 47.56 ft. 



q = 


2 X 250,400 
47.56 



10,440 lb. per square foot. 


This is well within the limits of safe pressure for any kind of 
rock foundation. 

In the second example, the total value of the vertical forces 
acting is w + W — U, in which U is the uplift pressure. 

w = the weight of the water on the inclined deck = 

62.5 tan 9 + ft) 


( 50 \ 

~2 + 10) = 63,142 lb. per foot length. 


11' = weight of dam 

= 140 X 50 X ^ "^2 — 198,975 lb. per foot length. 


Total vertical force is 

IF + w = 262,117 lb. per foot length. 


U = 


0.24 X 50 X 62.5 X 48.85 


= 18,350 


Net weight on foundation = W + w - U = 243,767, or, in 
round numbers, 243,800 lb. 

By constructing the diagram of forces, it is found that the 
resultant intersects the base at a distance = 16.65 ft. from the 
toe and 32.2 ft. from the upstream face. 


3d 

l 

9 


3 X 32.2 


48.85 
2 X 243,800 
48.85 


= 1.9774. 


(1.9774 - 1) 


of base. 


9,756 lb. per square foot 
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Of the base, the actual area in contact with the foundation 
is 1 — 0.24 *= 76 per cent. 

9 756 

Pressure per square foot = -~ 7( r-= 12,839 lb. per square foot. 

This pressure is not excessive for any natural rock. 

It is feasible and economical to design a dam with an over¬ 
hanging upstream face, provided the tension that would be set 
up in the toe when the reservoir is empty, be not too great. 
If this tension is kept within the limits of the working tensile 
strength of masonry or concrete—say 4000 to 6000 lb. per 
square foot—it is safe to so design a dam, particularly as the 
condition of empty reservoir will not ever exist after the dam is 
completed and the lake filled. 

The old and conventional school of dam designers has fixed 
as one of the conditions of design, that the resultant must fall 
within the limits of the middle third when the reservoir is empty. 
Since.this is a special and unusual condition and no disaster 
could follow injury to the dam, if any should occur, no ex¬ 
penditures for labor and material are justified to produce a 
structure any more stable than one in which tension exists in 
the down-stream face within safe limits, when unsubmerged. 
The Hauser Lake dam shown in a, Fig. 99, is an example of a 
large gravity section designed with an overhanging, upstream 
face. 

Bulkhead Sections.—In cases where dams are higher than the 
level of the water they impound, or where the end of a dam is 
carried up to a height greater than that of the spillway section, 
and the top of which will always be higher than the level of the 
water, the thickness at any point can be computed by the fore¬ 
going formulse, whether approximate or exact, if A be put equal 
to zero, and H = height of water surface above base of section. 
Fig. 97 shows the usual form of bulkhead section. The thickness, 
a, is from 4 to 6 ft., and is constant down to the point, b, the dis¬ 
tance, k, being such that the overturning moment of the water 
at elevation 6, causes the resultant of the water and gravity 
forces to intersect just within the middle third. 

Thus, for a bulkhead section, which is to be 15 ft. higher than 
the spillway section, and the maximum height of water over crest 
of the spillway = 12 ft., the maximum height of the water against 
the bulkhead will be 3 ft. less than the height of the bulkhead 
itself. Hence, the thickness through the bulkhead, 30 ft. below 
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its top, from approximate formula (158), would be 


, H 27 

1 = —7: = r-j = 18 ft. 

Vs 1-5 

A more exact solution is given by the formula 

h 


l = 


in which, 


Vl + 2r*-3r» 


H 

it ** - f 

Vs 

a 

r ~h 

a * thickness of top section. 


(170) 



27 

If a = 5 ft. 

r - j| - 0.277 

r* - 0.07673 
r* - 0.02125 
. 18 

• * A, —. .. . tn _ “ 17.26 ft. 

VI + 0.15246 - 0.06375 

In some instances, bulkheads are constructed as shown in 
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Fig. 98, the wall being of a practically constant thickness and 
supported against overturning by buttresses, placed at intervals 
of from 10 to 18 ft. on centers. It is, however, more economical 
to make the wall of increasing thickness with depth, and self- 
supporting at any point in its length. 

In designing buttressed walls to resist overturning, the weight 
of the wall, over the length between buttresses, is taken, with 
the moment of its weight around the toe of the buttress, as one 
factor in resistance to overturning. To this is added the 
moment of resistance to rotation of one buttress around its toe. 
Opposed to the sum of these two moments is the overturning 
moment of the water, taken, not over a single foot length, but 
the total length of span between buttresses. From the fore¬ 
going analyses of dams, the method of computing the resistance 
to overturning and the overturning moment is clear, and need 
not again be explained here. 

Bulkheads will frequently be exposed to ice pressure at the 
normal water level, while the spillway of a power dam seldom, or 
perhaps never, will have ice pressure against its crest. 

Examples of Gravity Sections: 

Figures 99 and 100 each show several typical sections of gravity 
dams. From these, the reader can obtain considerable data as 
to the various types of masonry dams, their proportions, stability 
and factors of safety. 

Cutoff Walls.—With any form or kind of dam it is necessary 
to construct a cutoff wall at the upstream side, unless the 
foundation is of solid granite, in which case the cutoff wall may 
be omitted. 

A cutoff wall is simply a vertical wall, sunk in a narrow 
trench that is excavated across the stream bed parallel to and, 
usually, underneath the upstream edge of the dam. Its function 
is to effectually seal the stream bed so that no underflow can 
take place through seams, cracks, fissures or between the bottom 
face of the dam and the foundation. 

Cutoff walls vary in depth and thickness to suit the particular 
local conditions. They should be carried down deep enough to 
get the bottom well below any defective strata, or any suspected 
of not being water-tight. The thickness of the walls is made 
only great enough to resist percolation of water through them 
under a given head. The element of strength does not enter 

u 
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into the design as they rest solidly against the downstream face 
of the trench, and are in compression, only. 

For safety against percolation, the thickness of the wall should 
be 0.3 to 0.5 in. thick, per foot head. 

Where the foundation is particularly seamy and fissured—as 
is always the case for a limestone bottom—drill holes should 
be made in the bottom of the trench after it is completely exca¬ 
vated. These holes should be 2 to 4 in. in diameter, spaced 3 
to 20 ft. apart, and from 8 to 20 ft. deep depending on the 
character of rock encountered. They should be blown out clean 
with compressed air, and filled with grout under pressure. This 
is easily and cheaply done with a standard grouting machine 
as described in the paragraph on “Foundations.” 

After the bottom of the trench is well grouted, the cutoff wall 
is placed, and after it solidifies, earth, stones and gravel are 
rammed in behind the downstream side. Sometimes it is better 
and cheaper to smooth up the downstream wall of the trench 
and use it as one side of the form, casting the concrete directly 
against the side of the trench. 

Engineers frequently build cutoff walls along the downstream 
toe of the dam, in addition to the upstream wall. This is 
an unnecessary expense if the upstream wall is properly con¬ 
structed, except in the case of clay and sand foundations, which 
could easily be eroded by the action of the water falling over 
the crest of the dam and setting up eddy whirls at the toe. For 
no kind of stone foundation is any, other than the upstream wall, 
necessary. 

Arch Dams. The gravity dam, as its name implies, resists the 
action of the water pressure by the gravity action of its mass,. 
and the strength of the material does not contribute toward 
the strength of the dam, except in so far as the strength is re¬ 
quired to support the weight of the structure. The waste of 
material, which results when its weight only is useful, has 
caused engineers to develop forms of dams, in which the strength 
of the material will contribute to, or form the chief factor in, 
their stability. 

The arch dam is one of this type, and it is simply a dam 
which reaches from one side of a stream to the opposite one in 
the arc of a circle instead of straight across from bank to bank. 
The convex side is, of course, placed upstream. The pressure 
of the water is resisted by the arch action of the structure. 
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This means that dams of this kind must have unyielding walls at 
either end to act as skewbacks and resist the stresses that are 
transmitted to the ends of the arch. 


The dam will also act, partly, as a gravity section. A verti¬ 
cal wall having a given weight and thickness at the bottom 
will offer a certain resistance to sliding and overturning, due to 
its gravity action alone, as has been previously described. 
Authorities are not, however, in accord on this subject. Some 
maintain that dams which are curved in plan should be designed 
as gravity sections, regardless of the curvature. Others main¬ 
tain that they should be designed as arches solely, regardless of 
the gravity action. It is the general belief that both the arch 
and gravity effects work together to resist the water pressure, 
but their respective limits of resistance, in conjunction with 
each other, appear to be unknown. Whether the limit as a 
thin gravity section is reached, and the arch action begins only 
after .the dam begins incipient overturning, or whether it is 
stressed as an arch with the stress reduced by the moment of 
its resistance to overturning is not definitely known. The fact 
remains that there are many thin dams, curved in plan, which 
would overturn if they were straight, and recent, multiple-arch 
structures, made of concrete, prove conclusively that arched 
dams may be depended on to stand safely, acting simply as 
arches. 

Neglecting the gravity action, and also the effect of the 
thickness at the top, arbitrarily assumed, the formula generally 
used for the thickness through the section at any point in its 
height is 


62.5 HR 
S 


(1711 


H = depth below water surface in feet. 

R = radius of arch to upstream side in feet. 

S = allowable compressive stress in the material lbs. sq. ft. 

This formula applies only to sections having a vertical, up¬ 
stream face, the batter being on the downstream side. 

Obviously, the greater the value of R, the larger the value of 
I, so that the thickness of the dam increases with its span. With 
a radius of 500 ft., the thickness is approximately as great as 
that of a gravity section, so that nothing is gained by making 
the dam curved in plan, where the distance apart of the banks 
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is 300 ft. or more. On the contrary, there is a loss due to the 
excess of length of the curve as compared with the length of a 
straight dam of the same span. 

Where a considerable length of gap is to be spanned, the 
length may be divided into several short portions, and an arch 



Fig. 101.—Salmon Creek arched dam. 


having a short radius, put in each portion. At the points where 
the ends of adjacent arches join, buttresses are built which 
take up the thrust, downstream, of the arches, the side or trans- 
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verse thrust being transmitted from arch to arch until finally 
taken up in the side banks of the stream. 

Figure 101 shows Salmon Creek dam, which is curved in plan. 
The Halligan dam is an excellent example of the arch type 
of dam. It is shown in Fig. 102 and its cross-section, in Fig. 
103. It is 62.3 ft. high at the crest of the spillway section, and 
72 ft. high at the bulkhead section. At the top of the bulkhead 
the width is 2 ft. and at the bottom the thickness is 27 ft. Its 



Fes. 102.—The Halligan arched dam. 


radius is 324 ft. and length 350 ft. Hence its “rise” is 46.2 ft. and 
its chord length, 334 ft. 

According to the formula, the compressive stress in the masonry 
at the bottom of the section for arch action only, would be 

S = - 27 - = 54,000 lb. per square foot. 

The stresses were computed on the basis of the dam acting 
as an arch, and, also, as a cantilever beam. That is, a section 
1 ft. long, extending from top to bottom, is considered as a vertical 
beam anchored at the bottom and, acting as a cantilever, takes 
a portion of the thrust. The remaining stresses are resisted by 
the arch action. While this “combination” theory does not 
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appear rational to the author, the dam has been under pressure 
since 1910, and is, by now, a presumably permanent structure. 

In order to provide a proper width of spillway crest, an 
overhanging lip was constructed on the upstream side of the 
spillway section, as is indicated in Fig. 103. 1 



Eastwood’s multiple-arch dam, for many situations, where 
the cost of concrete materials is high, and form lumber abundant, 
is one of the lowest cost dams that can be constructed. A portion 
of the Hume Lake dam, designed on the inclined multiple- 
arch principle, is shown in Fig. 104, and a vertical section through 
it is given in Fig. 105. The arches are short, have a small radius, 
’ The Halligan Dam, Houston, Ptoc. Am. Soc. Civ. Eng., October, 1911, 
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and span from buttress to buttress, as shown. Also, they are 
inclined on the upstream side so that the weight of the water 



Fig. 104.—Portion of Hume Lake dam showing spillway gate openings. 

will tend to hold down the dam and thus diminish the length of 
base required for the buttresses. 



This design is not suitable for conditions where any con¬ 
siderable depth of water will pass over the crest of the dam. 
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Foundations of Dams.—There is such a wide difference in the 
character of earths, clays and rock of the same general class, that 
any discussion of foundations must, necessarily, be wanting in 
definiteness. Curious and unexpected conditions are some¬ 
times revealed when borings and excavations are made, and each 
case is specific to the particular site being worked. Hence, this 
short discussion must not l)c regarded as anything other than a 
few suggestions of more or less importance. 

If any unusual conditions are encountered, experienced 
judgment is the only safe resource. 

As has before been pointed out, the most important factor in 
the stability and permanence of dams is the character of the 
foundation on which they rest. Where the stream bed is of 
granite, there is usually no particular difficulty in securing a 
reliable foundation. Drill holes should be made into the rock 
from G to 12 ft. in depth and-2 in. or more in diameter in order 
to be sure that no defects exist. Occasionally it will be found 
that what appears to lx; solid bed rock, is merely a boulder 
underlaid with mud or earth. 

Removing all loose rock and blasting out a shallow trench 
to receive the bottom of the dam, are the only steps necessary 
to prepare a foundation on granite. 

Limestone, however, is seldom encountered in a solid and safe 
state, and wherever the stream bed is of limestone, it is necessary 
to make a numlier of drill holes over the surface on which the 
dam will rest. These holes should lx; spaced at intervals of 
about 12 ft.., and blown out thoroughly, with compressed air, the 
pressure being from 50 to 80 lb. per square inch. It will gener¬ 
ally be found that air entering one hole will blow out of one, 
or more, of the adjacent holes, showing a fissure or cavity with 
which the holes connect. The drilling will usually be done in a 
cofferdam, where the elevation of the rock surface is below the 
level of the surrounding water level of the stream, and water will 
emerge from the drill holes after they have reached a certain 
depth, depending on the disposition of the strata. In order to 
close up all the small cavities and seams, grout must be forced into 
the holes until all of the fissures and openings in the underlying 
rock are thoroughly filled and the whole mass solidified. The 
usual mixture of grout comprises one-half cement and one-half 
sand, mixed with sufficient water to make a liquid that will 
flow freely. The connection for forcing the grout into the hole 
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is made by cementing a short pipe nipple, or 8lccve,over each hole. 
The nipple, or sleeve, is set over the hole and cement packed 
around it by hand, until any water which emerges from the hole 
passes through the metallic coupling. In this way, after the 
cement has solidified, a screw connection is made for the reception 
of any pipe it may be desired to connect therewith. 

The grouting machine is a well-known device, and consists 
simply of a steel cylinder which, normally, stands vertical, the 
bottom being conical in form. The top is closed by a manhole 
of the usual kind. Pipe connections, with valves are provided, 
so that compressed air may be admitted to either the bottom or 
the top of the cylinder. In operation, the sand, cement and 
water arc poured into the cylinder through the manhead, a small 
amount of compressed air is admitted to the bottom, and this, 
blowing through the mixture for 15 or 20 sec., mixes the ingre¬ 
dients thoroughly. The manhead is then dosed and a flexible 
pipe'leading from the bottom of the cylinder has the free end 
screwed into the coupling fixed in the drill hole. Air is then 
admitted, at low pressure, to the upper end of the cylinder, and 
the grout thus driven into the hole. If the quantity of grout in 
the cylinder exceeds the amount which can enter the hole, the 
air pressure is gradually raised until the maximum of 70 or 80 lb. 
to the square inch is reached. The machine is allowed to stand 
2 or 3 min. with this pressure on the hole, after which the air 
is cut off, the pressure on the interior of the cylinder is relieved 
through a blowoff valve in the bottom, which also clears it of the 
remaining unused grout, and the flexible pipe then disconnected 
from the hole. If the amount of grout which the hole will receive 
exceeds the contents of the cylinder, other charges are prepared 
and forced into the hole, always under a low pressure, that is, 
from 5 to 8 lb. per square inch. This work must proceed con¬ 
tinually, and with sufficient rapidity to prevent the grout from 
setting during the process. When several charges have been 
forced into a hole, and it will receive no more grout, the air 
pressure must be gradually increased until the maximum pressure 
is finally attained. It will frequently be found that after the 
hole has apparently been filled under the lower pressure, higher 
pressures will force in additional grout, indicating that under the 
lower pressure some of the narrower seams had not been filled. 
This is an operation which requires care, skill and patience. In 
some cases, grout which is forced into one hole will finally begin 
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to emerge from adjacent holes. In this event, it is well to let a 
small amount come out of the surrounding holes, and then screw 
cape or plugs on to the couplings which have been cemented to 
them and continue the grouting. 

It is probable that water will come up through some or all of 
the drill holes, in which case, it is customary to screw a piece 
of iron pipe to the metallic connection at the surface of the drill 
hole, the length of pipe being such that its upper end is at a higher 
elevation than the surrounding water outside the cofferdam. 
This, effectually, stops any further flow. The grout is then forced 
down through this vertical pipe. After the first opesation of 
grouting the holes, which are drilled on approximately, 12-ft. 
centers, additional drill holes should be made about halfway 
between those of the original group. In many instances, the 
drill will , pass through hardened grout, showing that the seams 
or cavities underlying the location of the new drill holes have 
already been filled. In any case, all the new holes should be 
grouted. 

If any portion of the stream bed appears to be particularly 
honeycombed, as indicated by the comparative quantity of 
grout which may be forced into the drill holes, the number of 
holes made over this area should be greater than in the other 
portions of the foundation site. 

Each individual case has to be drilled in accordance with the 
conditions that are found, and the foregoing is all given simply 
as a general suggestion as to methods of procedure. As the 
engineer acquires personal experience from the initial stages 
of the work he will soon be able to recognize the good and bad 
portions of the site and proceed accordingly. 

No dam should be built on a limestone foundation without 
an adequate cutoff wall at the upstream edge of the dam. The 
bottom of the wall should be well below, practically all, permeable 
strata. In the bottom of the trench excavated to receive this 
wall, drill holes should be made, varying from 10 to 30 ft. in 
depth, and on 6-ft. centers, and these should be grouted, as 
has been described. 

In the case of hollow reinforced-concrete dams, there is no 
need to grout the entire stream bed covered by the dam. The 
grouting in the cutoff wall trench, and in the trenches which 
receive the buttresses, will be sufficient. 
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Sand Foundations. —The best discussion of the subject of sand 
foundations for dams is contained in a paper by Koenig. 1 Dams 
may be successfully built on sand foundations provided that 
water be prevented from flowing through the body of the sand 
on which the dam rests, and the stream bed be protected against 
wash on the downstream side, so that the toe may not be 
undermined. The complete prevention of any flow through the 
sand is practically impossible, but the path of the water may 
be so lengthened, and its passage so retarded, that the velocity 
can never be sufficiently high to move any particles of sand. 
If these conditions are met, the foundation will be permanent. 
If, however, a stream of even infinitesimal size should move 
with sufficient velocity to carry with it any of the particles of 
sand, the size of the stream would increase and, in a short time, 
the whole structure would be undermined and destroyed. 

Obviously, if the path which the stream must follow, from 
the time it percolates into the sand on the upstream side until 
it emerges on the downstream side, be made of a sufficiently 
great length, the resistance to flow will be great enough to 
so retard any movement of water through the sand that it can 
never attain an appreciable, or dangerous, velocity. Koenig 
states that: “No material, other than solid bed rock, offers a 
more secure support than sand which is properly confined; 
therefore, to make it serve as a safe foundation for a permanent 
dam is entirely a problem of making adequate provision against 
the only disturbing element—a current of flowing water.” 

The provision which is needed against a current of flowing 
water comprises one or more cut-off walls, either of wood, of 
steel, or of concrete. There should be not less than two of these 
walls, one at the upstream edge of the dam and one at a con¬ 
siderable distance downstream; their distance apart being ap¬ 
proximately 4 times the height of the dam. 

The following are empirical rules for the depth, d, of the 
cutoff walls below the surface of the stream bed: 
d = 2.5ft for heads up to 8 ft. 
d = 2ft for heads up to 15 ft. 
d — 1.6ft as the minimum in any case. 

If the Hnm has water flowing over its crest, there must be an 
apron below the dam, extending some distance downstream 
and made of masonry or concrete. This apron serves a double 
1 Tran*. Am. Soc. Civ. Eng., January, 1911. 
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purpose. It prevents seepage water which passes through the 
sand, from rising into the stream until it has passed a con¬ 
siderable distance beyond the end of the apron. It also serves 
to protect the stream bed and the toe against the shock of falling 
water. The length of such an apron, therefore, is an important 
element in fixing the factor of safety. 

Aprons for spillways, diversion weirs, and dams of the overfall 
type built on sand, should be submerged, so as to form a water 
cushion to absorb the shocks of falling water, ice, and debris. 
Buch water cushion should have a depth equal to one-quarter, 
and preferably one-third, the height of the dam, and a length of 
not less than 1 H times the height of dam, with the downstream 
edge forming a deck, sloping upward. This deck forms a 



covering for the stream l>ed and should extend downstream 
for a distance of not less than 1} £ to 2 times the length of sheet 
piling used in the main curtain wall, ending with, and supported 
on, a secondary line of sheet piling of from one-third to one-half 
the depth of penetration of the curtain wall. Figure 106 shows 
the general proportions which should be observed in constructing 
a spillway dam on sand foundation. 

It should be noted that the uplift pressure under dams con¬ 
structed on sand, is not negligible, as it is in the case of rock or 
shale foundations, but may attain a value pn the upstream side 
as high as 25 per cent, of the static head. In the exact equations 
for masonry dams, the value of <t> should be taken as 0.25 for 
sand foundations. In cases where the dam is to be of consid¬ 
erable height, and the proportion for depth of the cutoff walls 
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as given in the foregoing empirical rules, would result in a wall 
or sheeting of impractical depth, it has been suggested that a 
low dam built a short distance downstream from the high or 
primary dam would allow the use of a cutoff wall of much less 
depth. 

For instance, if a dam were to be erected 50 ft. high, the 
cutoff wall, according to the rule given, would have to be 80 ft. 
in depth. If this dam were built with a cutoff 30 ft. deep and 
then 500 or 600 ft. downstream, a second dam, 15 to 18 ft. high 
were constructed, with a cutoff 25 or 30 ft. in depth, and the 
second dam were provided with an apron on the downstream side 
to prevent erosion, this double system should prove safe and 
permanent for the impounding of a 50-ft. depth of water. 

When reinforced, hollow concrete dams are built on sand 
foundations, it is necessary to cover the entire surface of the 
stream bed with a mat of concrete, which should have a small 
amount of steel reinforcement in it. The thickness of this mat 
and the reinforcement in it must be such as to spread the pressure 
of the footings over from one wall to the next one. This mat not 
only serves to limit the unit pressures on the sand but it prevents 
the water from emerging underneath the dam, and thereby 
shorten its path of travel. The downstream apron is a continua¬ 
tion of the mat and it is also joined to the spillway. In this way 
all the conditions of a solid foundation arc maintained. 

When confined between cut-off walls and protected against 
under-flow the safe bearing pressure of sand is from 5 to 8 tons 
per square foot. 

Foundations on Clay.—Clay is a generic term which includes 
material of consistencies varying from hard shale or slate down to 
a mushy, water-bearing clay. 

Hard shale of the slaty variety will bear any pressure that is 
likely to be imposed on it, certainly up to 10 tons, per square foot. 

It can be treated as a limestone foundation, though it will 
seldom need grouting. A cutoff wall should, however, be con¬ 
structed, its depth being from 0.Iff to 0.2 H, depending on the 
conditions found in the cutoff wall trench. As a precaution, 
drill holes should be made at occasional intervals—say on 20-ft. 
centers—to make sure of the condition of the underlying strata. 

With softer clays, the foundation should be treated as a sand 
foundation so far as the cutoff walls, apron and (for hollow but¬ 
tressed dams) the mat, are concerned. The upstream wall, 
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however, does not need to be to deep as for sand. As a rough 
approximation, 0.3# to 0.5 H is sufficiently deep for the upstream 
wall and 0.2 H to 0.4# for the downstream cutoff, which latter 
wall is placed at the downstream end of the apron. The length 
of the apron may be equal to #. There need be no allowance 
for uplift pressure under the dam for any kind of clay. 

The safe bearing power of soft clays ranges from 1% to 5 tons, 
per square foot. 

In certain kinds of soft clay containing a considerable propor¬ 
tion of water, practically the only safe dam is the hollow-but¬ 
tress type. Piles are driven under each buttress wall, the size 
and number of piles depending on the bearing power of the soil 
and the weight imposed by the vertical component of all the 



Fio. 107.—Construction details of pile-supported hollow dam. 

forces acting on the dam, plus the weight of the triangular section 
of water lying on its deck. The unequal distribution of this 
pressure must be taken into account and the number of piles 
proportioned to the unit pressure at any point. 

The piles may be of wood or of concrete. In case wood 
piles are used, they must be cut off at least 3 ft. below the 
water line, and a concrete capping cast on top of them, which 
is wider than the footing of the buttress walls. On top of 
the capping, a concrete mat must be cast, and the buttress 
walls placed on top of the mat. Pig. 107 shows the general ar¬ 
rangement. 

Of course, variants of this method will suggest themselves. 
The author, however, is of the general opinion that when a dam 
can not be built without driving piles to support it, another site 
should be selected or the dam remain unbuilt. 
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Abutments and Retaining Walls. —In cases where a dam ends 
at an earth stream bank, or joins with an earth section, a masonry, 
or concrete, abutment is necessary to prevent erosion. The 
abutment should extend both upstream and downstream, as 
indicated by the sketch, Fig. 108. Preferably, the wall Bhould 
be, in plan, as indicated in the sketch—that is, with the two ends 
further away from the stream bed than at the middle section, 
where a junction is made with the dam. 

The top of the wall must be at least 3 ft. higher than the level 
of maximum high water. 

A good foundation is an absolute necessity. The wall footings 
must be carried down to a point where; 

1. Wash or erosion can not reach them. 

2. The material underneath the bottom is incapable of slid¬ 
ing under any pressure that may come on the wall; that is, the 



Fig. 108.—Abutment wall. 


whole mass of earth with the wall embedded in it may slide 
toward the stream, unless the wall penetrates below any stratum 
that is capable of sliding. 

3. The pressure resisting qualities of the material on which 
the wall rests, will amply sustain the maximum pressures at 
the toe of the wall. It may, at times, be necessary to spread 
the footings in order to reduce the unit pressures on the founda¬ 
tion. 

The same rules that apply to the design of dams are equally 
applicable to retaining walls. The resultant of all the forces 
acting should cut the base of any section, within the middle 
third. 

The overturning moment, acting on a wall having a vertical, 
earth-bearing face, is 

M - Hwh* tan* (45 - H<t>) (172) 

is 
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In which w = weight of the earth per cubic foot. 
h = height of wall in feet. 
if, = angle of repose of the ear h. 

The value of w is usually taken at 100 lb. per cubic foot. 

A wall designed to resist overturning and of such dimensions 
that the resultant will cut the base at the end of the middle 
third, will have a thickness at the base equal to 

l = y[l.25a + ~hnnn’(45 - *) 

Wi = weight of masonry in wall per cubic foot. 

1 = thickness through any section, in feet. 
a = thickness at top of wall, in feet. 

For usual values of w t = 140, w = 100 and <t> = 34°. 

I = Jl.25a + 0.202/i 2 - “ (175) 

The usual values for a vary from 12 in. to 2.5 ft. according 
to the judgment of the designer. For abutments, the top width 
should be 1.5 to 2 ft. 

Drains and “weep holes” should be built through the walls 
not only at the bottom, but at various heights. These relieve 
any excessive pressure that may be set up by an accumulation of 
water behind the cutoff wall. If water be caught and retained 
by a wall it will be absorbed in the earth behind the wall, giving 
it the quality of a semi-liquid, and thereby greatly decreasing 
the angle of repose, 4>. 

Expansion joints should be placed in retaining walls when 
their length exceeds 200 ft. 

Unlike dams, it makes but little difference in the economy of 
the section whether the wall has its slope on the pressure side or 
the free side. This difference is due to the fact that the weight 
of earth is nearly equal to that of the masonry. The most 
economical section is that in which the pressure side is vertical 
and the free side sloping. A retaining wall, however, has a 
much better appearance if the visible, or free, side is vertical. 
Also, in the case of abutments for dams, a vertical side next to 
the stream gives a free fall of the water without striking an 
inclined face. This, of course, applies only to the case of a spill¬ 
way section ending against a retaining wall. If the dam ends 
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in a bulkhead section, the magnitude of the retaining wall 
required will amount to little or nothing. Also, for terminating 
a bulkhead section it may have its most economical form, vis., 
with the slope on its free side. 

No formula can be given for the length of an abutment wall. 
This is one of the factors in design which must be left to per¬ 
sonal judgment. It may run from 30 to 100 ft. upstream and 
the same distance downstream, measured, respectively, from the 
face and toe of the dam, and, in certain special cases, these lengths 
may be exceeded. 

Retaining walls may, also, be built of reinforced concrete, 
and usually a saving in cost can be effected by walls of this 
kind. The formulae and methods of design of concrete walls are 
given in a succeeding discussion. 

Reinforced Concrete Dams 

Within the past few years, the use of reinforced concrete for 
the construction of dams has steadily increased, and at the 
present time (1910), most of the dams now constructed are 
hollow, reinforced structures. These differ, essentially, from 
the solid masonry dams in that they depend, almost entirely, 
on the weight of water which rests on the inclined upstream 
face, to hold them against overturning, and they are designed 
simply to resist crushing stresses. 

In the opinion of the author, they possess many distinct 
advantages over solid masonry dams, the principal ones being: 

1. The distribution of weight over the foundation is more, 
uniform. 

2. Due to the design and the angle of slope of the upstream 
face, sliding and overturning are practically eliminated. 

3. The structure has a definite, known strength in every part. 

4. As usually designed, they have a high factor of safety 
against crushing, and the factor of safety is considerably greater 
than that of a solid section. 

5. When built on sand foundation there is practically no uplift 
pressure. 

6 . Owing to the inclined upstream deck, no allowance need be 
made for ice pressure as the expanding ice will slide up the deck 
instead of pressing against a vertical wall and producing an 
overturning moment. 
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7. It is suitable for any kind of foundation that will sustain 
2 tons or more, per square foot. 

8. Due to the fact that the whole structure is solidly joined 
together by the reinforcing steel, such dams have a girder-like 
action, and in case of foundation failure, or washout, under a 
comparatively short length, the dam does not fail, but spans the 
opening, being self-supporting. 

9. Low cost. These dams, with a factor of safety of 4, 
cost from 18 to 35 per cent, less than solid dams having a factor 
of safety of 2. 

10. Short time of construction. This last is particularly 
important. Time is of the essence of dam construction. The 
ability to get into the river and out of it during the same season 
of low water, escaping flood periods, means savings in many 
ways. Cofferdams are cheaper; the cost of handling the water 
is greatly reduced; the losses due to injury by floods practically 
eliminated, and in addition, savings are effected by reason of the 
plant being put into commission and becoming an earner of 
income without having to wait an additional year for the second 
period of low water and carrying the financial load of interest on 
bonds, staff of engineers, and the possibility of expiration of 
preliminary power contracts. 

Types of Hollow Dams.—All hollow, reinforced-concrete dams 
consist, essentially, of an inclined, continuous slab forming the 
water barrier, which is curved at the top to form the crest, and 
a second slab sloping downstream, to make the spillway, which 
may be either complete or partial, and means for supporting 
these two slabs which may comprise simply transverse buttress 
walls, or a series of pillars, or a combination of both transverse 
and longitudinal interior walls which intersect at right angles 
giving both transverse and longitudinal support to the upstream 
deck and the spillway. 

The best known type is the Ambursen dam, which is made up 
of a series of interior parallel buttress walls, set transverse to the 
axis of the dam and spaced from 14 to 20 ft. apart. On these, 
as supports, are cast the deck slab and the spillway. The deck 
spans from wall to wall, either as a simple beam or continuous 
girder, depending on conditions and the manner in which the 
reinforcement is placed. The angle which the upstream deck 
makes with the vertical, or 9, in the general formulae, is taken at 
about 48°, this value being adopted because it is practically 
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the angle at which the friction produced by the weight of water 
on the deck of the dam, plus the weight of the structure itself, is 
approximately, equal to the thrust of the water tending to push 
the dam downstream. In other words, at this angle the danger 
of sliding is almost entirely removed, without the necessity of 
embedding the buttress wall footings in the earth, or rock, forming 
the foundation. Where the upstream deck comes down to the 
foundation, it is usually carried deep into a trench to form a cut¬ 
off wall and prevent percolation underneath the structure. 

The spacing of the buttress walls is arbitrarily fixed by the 
designer. The closer together the walls, the greater the amount 
of concrete in them, and the greater is the amount of foundation 
work to be done in the cofferdam, while the quantity of concrete 
and reinforeed-steel deck is less. As the walls are put farther 
apart, the quantity of concrete and reinforcing steel in the deck 
becomes greater, these varying, almost directly, as the distance 
apart of the buttress walls. It must be noted that the most 
economical adjustment of the materials between the quantity 
required in the deck and that necessary for the buttress walls, 
is seldom the most economical for the actual construction of the 
dam. A trench must be cut for each buttress wall, and the 
bottom of this trench should usually be grouted. This work is 
all done inside cofferdams, and one of the main objects in dam 
construction is to get the work brought up above the level of 
high water in the stream in the shortest possible time, after which 
the destruction of the cofferdam by floods is of no moment, as 
work can proceed as soon as the flood waters have receded. 
Therefore, the fewer the number of buttress walls, the more' 
economical and rapid will be the progress of the work. 

Another consideration is that one of the main elements of cost 
in building a dam, is for the construction and placing of the 
forms. The cost of the forms varies but little with changes 
in thickness of the concrete slab poured in them. Hence, the 
thickening of the deck slab to compensate for wide spacing of the 
buttress walls, means an increase in the cost of the deck of only 
the value of the additional raw concrete required to give this 
extra thickness. From these considerations, it follows that the 
spacing of the buttress walls should be from 2 to 3 ft. greater 
than theoretical economy of material would dictate. 

In order to reduce the span of the deck slabs, dams have been 
made in which the walls were spread out at the upper edges into 
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corbels. This effects a considerable saving in concrete and steel, 
but the additional form work required, of a difficult character, 
retards the progress of the work and its cost is very nearly equal 



Fig. 109.—Cross-sectional perspective of hollow dam. 


to the saving effected by the reduction in the quantity of mate¬ 
rials used. 

In designing hollow dams, special effort should be made to 
avoid all unnecessary angles and junctions. It is usually better 
to place extra concrete and steel rather than to save it in the 



expense of considerable form work. It should be remembered 
that the construction of a hollow concrete dam is a carpenter 
job, and the speed of the work is determined, principally, by the 
rate at which carpentry can proceed. 
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„ figure 109 shows a perspective cross-section of the Ambursen 
type of dam. Fig. 110 is a cross-section of the Cedar Falls 
dam, built in accordance with Ambursen designs. It will 




Fia. 1X2.—Downstream view of bulkhead. 


be noted that there are openings made through the buttress 
walls, and runways may be placed inside the dam, passing from 
wall to wall through the openings, and making a continuous 
passageway inside the dam, which may be used for inspection, 
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or for reaching sluice gates when these are arranged to be opened 
from the inside. 

These dams have been built up to 134 ft. in height. When 



built as bulkhead sections, the spillway is omitted, and the but¬ 
tress walls have a smaller incline on the downstream side. Figs 
111 and 112 Bhow a bulkhead section of a dam of this type 
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Fig. Ill is a cross-section and Fig. 112 is a picture of the down¬ 
stream side. Fig. 113 shows the plan and elevation of this dam. 

Where the stream bed is of stone, or where it is so soft that it 
is necessary to protect it with a mat (see discussion of “Founda¬ 
tions of Dams”), a saving in cost can be effected by making a 
partial, instead of a complete, spillway. This means that the 
usual form of curve is made of the crest of the spillway, which 
is carried down a short distance and then turned in a long 
sweeping curve to discharge the water horizontally, at a consid¬ 
erable height above the stream level. A partial spillway dam 
is shown in Fig. 114. 

Figure 115 shows a diagram from which may be taken the 
quantities of concrete and steel, per foot length, required for 



Fio. 114.—Hollow dam with partial spillway. 


reinforced-concrete dams of various heights. It has been 
attempted to apply these curves to several types, so that they 
muBt be regarded as approximations only, for preliminary 
computation. 

An example of the type of dam having both longitudinal and 
transverse walls, intersecting at right angles, is shown in Fig. 
116, which is a section of the dam built on the Colorado Biver at 
Austin, Tex. The longitudinal walls are plainly shown in sec¬ 
tion. As indicated, it has an inclined upstream deck, making 
an angle of 42° to the horizontal. At a height of about 2]4 ft. 
above low water level, this slope of the wall ends, intersecting a 
narrow horizontal bench, and from the upstream edge of this 
horizontal bench, a vertical wall goes straight down into the rock. 
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SECTION A A 

Fig. 116.—Cross-section and part elevation, Austin (Tex.) dam. 


taken through the sluice gates in the bottom of the dam, but, in 
the case of floods, the openings through the horizontal bench, 
together with the area afforded by the sluice gates, would usually 
take care of the whole river flow at such times, without an 
elevation in the water level of more than 4 to 6 ft. 

The transverse walls are set parallel to the flow of the stream 
and are 20 ft. apart, measured from center to center. The 


















262 HYDRAULIC DEVELOPMENT AND EQUIPMENT 


longitudinal walls arc also spaced 20 ft. apart. These walls 
are not vertical but are inclined, so that they make an angle of 
nearly 90° with the upstream deck. The slope of these walls 
is such that the resultant of the forces which they resist, made 
up of the water pressure acting against the surface of the deck 
and the gravity component of the deck and the walls them¬ 
selves, has the same direction as that of the wall slope. The 
longitudinal and transverse supporting walls intersect at right 
angles and form a series of square openings when viewed in 
a direction normal to the deck. The deck panels are exact 
squares and, hence, may be reinforced in two directions. The 
reinforcing steel is, therefore, placed both longitudinally across 
the length of the dam and transversely up and down the deck. 
The spacing of the steel is logarithmic, the bars being laid closer 
together as they approach the middle of the panel. As is also 
shown in the section, these walls are surmounted by corbels, 
for the purpose of reducing the quantities of materials in the 
deck slab. 

The contracted section was adopted for this design, 
which reduces the thickness through the base of the dam. 

Owing to the difficult character of the foundation, it was 
desirable to make the distance through the base of the dam, 
measured from upstream to downstream side, as short as possible. 
In the usual form of design, the inclined deck goes up to the 
elevation of the crest of the dam, where it joins with the spill¬ 
way. The form of the spillway crest is determined by the 
parabolic formula. The slopes of the deck and of the spillway 
and the width at the top, as fixed for the crest, all combine to 
produce a certain distance, measured horizontally, through the 
base of the dam. As shown in the typical section, the spillway 
was designed in accordance with the usual method, and the slop¬ 
ing deck made to intersect it at some 25 ft. further downstream 
and 6 ft. lower, vertically, than in the customary design. In 
this way, a proper length of theoretically designed spillway 
was made available, as well as an inclined deck of, substantially, 
the total height up to the crest, and, at the same time, the length 
through the dam from front to back was reduced about 25 ft., 
diminishing in a like proportion the length of the transverse 
walls, the length of each transverse wall foundation, and eliminat¬ 
ing one longitudinal wall. While the saving in material and 
labor was greatly reduced by the adoption of this design, the 
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cost of the form work was increased so that the net saving effected, 
though considerable, was not so great as would, at first, appear. 

As indicated in the figure, the vertical, transverse walls 
intersect the deck and the spillway, continuing on up above them 
in the form of piers, on the top of which are placed reinforced- 
concrete girders that carry a railway track. Between these 
piers are placed automatic crest gates. 

The vertical buttress, or diaphragm, walls, have four large 
openings made in each, as indicated in the section. Through the 
topmost series of these openings is placed a walkway, with iron 
railings on either side, so that it is possible to walk through 
the new portion of the dam from end to end. Access is provided 



Fio. 117.— Austin dam during construction. View looking downstream. 


to the interior by means of winding stairways, one placed at 
either end. These pass down through a stair-well, each well be¬ 
ing formed in a pier, which is of sufficient width to accommo¬ 
date it. 

Figure 117 shows the Austin dam in process of construction, 
and the square openings formed by the transverse and longi¬ 
tudinal walls, are clearly shown near the right of the picture. To 
the left is shown a portion of the finished dam with the crest 
gate in place. Fig. 118 is also a picture of the dam during 
construction, in which the cross-section of the dam is shown. 

A third type of hollow dam which has economic possibilities 
is the standard, vertical-walled dam, with longitudinal rein- 
forced-concrete girders running along the upstream surface of 
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the walls underneath the deck slab, and spaced at such intervals 
as will make square openings over which the deck slate are laid. 
The ability to reinforce in the two directions allows an appre¬ 
ciable saving in cost. This type is indicated in Fig. 119. 

Formulae for Reinforcement of Concrete.—The formulae here¬ 
after given are those which arc in practical use. They are 
approximate, and dependent on the assumption that the neutral 
axis in a concrete beam, or slab, which is reinforced on the tension 



Fiu. 118.—Austin dam during construction. End view. 


side only, is from the center of the reinforcing steel, d being 
the thickness of the beam, in inches, less the depth that the steel 
is embedded in the concrete. 

For tension in the steel: 

If M = moment of load on beam, in inch-pounds. 

8, = steel stress inch-pounds, per square inch. 
a = area of steel, in square inches. 
d - distance of steel from compression side, in inches. 











Then 
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(1?6) 

8Af 

0 IdS, 

(177) 


If b = breadth of beam, in inches, its cross-sectional area is 
bd sq. in., neglecting that portion lying below the steel. That 
portion is not to be regarded as adding to the effective area in 
flexure, but simply as a protecting covering for the steel. 



Fiu. 119.—Hollow dam with longitudinal deck beams. 


For compression in the concrete 


M = 


bd*S c 

6 


(178) 


S, being the maximum compression in the extreme element of 
the beam, in pounds, per square inch. 

Bending moments of uniformly loaded beams are; 

Simple beams, supported but not fixed at ends, 




W — weight per foot length, l = clear span, in feet. 

Similarly, for beams fixed or cantilevered at both ends, i.e., 
continuous over both supports, 

Wl 2 

M = j 2 - lb.-ft. = WP ll».-in. 

For beams having one end cantilevered and one end simply 
supported, 

ur/a 

M = lb.-ft. = 1.2 Wl* lb.-in. 
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The maximum safe stresses which are allowable, is largely a 
matter of opinion. 

Some engineers consider 500 or even 600 lb., per square inch, 
safe compressive stresses on concrete, as doubtless they are. In 
the construction of reinforced-concrete dams, however, the sec¬ 
tions are usually very thin, and a little more concrete costs only 
a small additional amount and adds stability to the thin walls. 
For these reasons, the author uses 400 lb. per square inch as 
the maximum compressive stress in concrete. 

The depth of slab required for a given maximum compression 
in the concrete, in pounds per square inch, may be computed from 
the following formulae: 

For simple beams, 

d - «/»! in. (179) 

For continuous beams, 

[a cw 

d = l yj- : g - in. (180) 


For beams supported at one end and cantilevered at the other, 



d = depth of slab from compression side to steel, in inches. 
I «* length of clear span, in feet. 

W »= weight on slab, per square foot. 

S« = maximum stress in concrete per square inch. 

The depth of slab as computed from formulae (179), (180), 
and (181) are independent of the required area of steel and 
the unit stresses in it. 

Most engineers limit the steel stress to 12,000 or 14,000 lb. 
per square inch, on the ground that any greater stress will allow 
such extension of the metal that the concrete will crack. If 
high elastic limit metal be used—such as standard twisted bars— 
this theory does not hold. For my own practice, 16,500 lb. per 
square inch has been adopted. 

After fixing the' maximum stresses allowable, there results a 
ratio of steel area to that of the concrete cross-section, neglecting 
always, the 1}4 or 2 in. on the lower side of a beam or slab, which 
lies below the steel. This ratio is constant and, once fixed, a 



DAMS 


257 


computation of depth of slab may be made directly, and the steel 
area calculated without use of the bending moment formula. 

Call p the steel ratio. This, by definition, is 

a a 

V = J *= id> ° T a = P A = Pbd. 

For b = 12 inches, a = \2dp. 

a = area of reinforcing steel, in square inches. 

A - bd = area of concrete (exclusive of portion outside 
steel on tension side), in square inches. 

5 = breadth of beam or slab = 12 inches, for unit section. 
d = depth of beam from compression side to steel, in inches. 
S, - stress allowed in steel, per square inch. 

Sc = stress allowed in concrete, per square inch. 


From equations (176) and (178), 


a _ SS r _ 
bd ~ 42S. ~ P 


(182) 


For S e - 400 lb. per square inch, and 
square inch. 

a 8 X 400 1 

p ~ bd~ 42 X 16,500 217 = 


S, = 16,500 lb. per 
> 0.00462 (183) 


Hence, a = 0.004626d = 0.0554d, for 12-in. width of beam or 
slab. 

Where a specific ratio of steel to concrete is desired, the 
following formula are useful to determine the depth of a uni¬ 
formly loaded beam, or slab, required to resist a given applied 
load. 

For simple beams __ 

, , /0J424TF. 

d - l \~-psr m ■ m) 



For beams having one end simply supported, the other end 
cantilevered __ 

(188) 

l = span of slab in feet. 

W = load in pounds per square foot. 

IT 
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When the effective depth, d, of a slab is known, the spacing 
of reinforcing rods, to give a tension of 16,500 lb. per square inch 
in the steel, may be computed directly from the following formulae. 

Table 33. —Formulas for Spacing of Reinforcing Rods 


Kiml of bruin 

Size of reinforcing rod 

1 in. zq. 

54 in. zq. 

H in. zq. 

•) 1172 

Simple, M « y - 

173,250(1 

M 

97,450(2 

M 

43,310(2 

M 

Simple continuous, M = 1.2117* ... 

208,900(2 

i M 

116,940<i 

M 

61,970(2 

Af 

„ ; 259,900d 

Continuous, M » )\ r- .: ^ — 

146,200d 

M 

64,970(2 

M 


d = depth of beam, in inches, from compression side to center 
of reinforcing rods. 

M = moment, in pound-inches. 


Obviously, for any value of the tension, other than 16,500 lb. 
per square inch, the spacing will be directly proportional to 
the allowable stress adopted. 

The foregoing formulae are for slabs reinforced in one direction 
only. When the construction admits of square slabs, sup¬ 
ported around all four sides, the reinforcement should run in two 
directions, transverse to each other. This results in a con¬ 
siderable saving of concrete, for in computing the value of d, 
W 

take 2 for the value of W. This gives, of course, a slab having 

a thickness equal to 71 per cent, of the thickness it would have 
if reinforced in one direction and supported on two of its 
sides only. 

AIbo the thickness of the slab may be reduced with respect 
to shear when it is the predominating stress, as is indicated later. 

The steel is, likewise, computed as before, i.e., a = pd, but twice 
this area of steel is required because a, as computed, is the 
amount required for reinforcement in one direction only, and 
W 

based on a load of ^' An equal amount is required for rein¬ 
forcement in the other direction. This method is an approxi¬ 
mation which errs on the side of safety. 
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The laws governing square, rcinforced-concrete slabs, sup¬ 
ported at all four sides, are not clearly developed. Tests show a 
far greater strength than the foregoing methods of computation 
would indicate, especially when the reinforcing bars are spaced 
logarithmically, i'.e., the distance apart decreasing as the middle 
of the slab is approached; the spacing of the bars being laid out 
from a logarithmic scale. This scale is conveniently made by 
proportionate measurements from the lower scale of a slide rule. 

In order to supply the tensile strength at the upper side of 
the slab necessary for it to act as a continuous beam where it 
passes over a point of support, steel rods must be placed in the 
top of the slab, or the bottom rods bent up to the top of the 
slab. 

F+om Equally and Uniformly Loaded on each Span 



Figure 120 indicates the stresses in a beam, uniformly loaded, 
and continuous over a support, the flexures being greatly exag¬ 
gerated, for clearness. It is better practice to carry the bottom 
steel straight across the middle support at the lower level, and 

place additional rods in the top of the slab, which should be ^ 4* f 

in length, t being the width of the support. This will give a 
proper length of cantilever rod projecting on either side of the 

support, namely, Unless this steel reinforcement is placed 


in the upper surface of the slab over the supports, it can not 
be considered as a continuous, but only as a simple beam. 

The bending moments of the cantilevered portion and of that 
part in flexure, are equal when the upper reinforcement over 

the middle support extends a distance = ^ on either side of the 
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support. Hence, the area of steel for this reinforcement shpuld 
be just the same as that of the main lower bars. 

Tension, Shear, Adhesion.—Good 1:2:4 concrete, has a 
tensile strength varying from 175 to 300 lb. per square inch. The 
usual value adopted as having an ample margin of safety, is 
50 lb. per square inch. 

The safe value adopted for shear varies from 50 to 60 lb. pier 
square inch. 

After certain depths of water are reached, the thickness of 
the deck slabs is computed for resistance to shear instead of for 
flexure, as the thickness required to resist flexure is insufficient 
to resist the shear. 

For plain buttress-supported dams, the depth at which the 
shearing stress equals the flexure stress is about 50 ft. For 
dams carried on both longitudinal and transverse supports, 
with square deck panels supported on four sides, the shear begins 
to predominate at a depth of about 75 ft. Hence, for depths 
under 50 ft. the thickness of the deck slabs is computed for 
flexure only, while for depths above 75 ft., the slab thickness is 
computed only for shear. Between 50 and 75 ft. depth, the 
slab thickness is computed 'both for flexure and for shear, and the 
greater thickness adopted. 

The depth of water is, of course, H + h. 

The formulae for thickness, d„ of slab to resist shear are, for 
dams on parallel buttresses, 

Wl 

d, — j 44 Q in. (187) 

For dams supported on walls running in both transverse and 
longitudinal drections, 

d, = 2j0Q (187a) 

W = total load on deck, lb. per sq. ft. 

I = length of clear span between supports, in feet. 

These formulae are based on a unit stress of 60 lb. per square 
inch. 

The adhesion to steel reinforcing bars is taken at 50 to 60 
lb. per square inch of steel surface embedded in the concrete 
for smooth rods, and 100 to 150 lb. per square inch for deformed 
rods. Adhesion to twisted bars may be taken as from 75 to 100 
lb. per square inch. Actual tests show an ultimate bond strength 
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for smooth, undeformed bars of from 200 to 400 lb. per square 
inch. 

Where the length of reinforcement required exceeds the length 
of a single standard steel bar, additional bars are used, and 
the connection from bar to bar is made by simply lapping them, 
one past the other, the concrete acting as a coupling for the 
two. The length of lap must not be less than twenty-four 
times the diameter of the bar. 

Miring Concrete.—The production of good concrete requires 
watchful care. The best results are obtained by proportion¬ 
ing the ingredients to fill the voids in the aggregate, (broken 
stone or gravel), rather than any specific and unchanging ratio of 
quantities. 

The aggregate should be tested for voids about once each 
hour, and oftener, if it varies considerably in density. The void 
test simply comprises filling an iron pail, which contains a known 
volume, with aggregate, well shaken down and level full. An 
accurately graduated, measuring glass is filled with water, and 
the water poured into the vessel of aggregate, until the pail will 
hold no more. The amount of water poured into the vessel 
represents the volume of the voids in the known volume of aggre¬ 
gate. Then the quantity of sand required for good concrete is 
the amount necessary to fill the voids in the aggregate, plus 5 per 
cent, as a factor of safety, and the amount of cement required 
must be sufficient to fill the voids in the mixture of sand and ag¬ 
gregate, less 5 per cent, as allowance for water of crystallisation. 

The aggregate may be of broken stone, (granite limestone, 
sandstone or trap), or river gravel. It must be free from clay or 
soil of any kind. If stone, it must be crushed so that any piece 
of it will pass through a lj^-in. ring. Small pieces of stone 
are essential for reinforced-concrete work. If a piece should 
measure 2 in. in any direction it might abut at one end against 
a reinforcing bar, and the other end would strike against the 
form on the tension side of a slab, and thus two surfaces of the 
stone would not be covered by, or bonded with, the concrete. 

Waterproofing.—The concrete for the deck slabs, and other 
portions of a dam under pressure, must be made waterproof, 
which is accomplished by mixing some substance with the con¬ 
crete which causes it to become denser than it ordinarily does and 
doses up the pores so that no water can pass through it. 

.There are many excellent materials which fulfill this condi- 
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tion, most of them known under some trade name and having a 
specific brand. Hydrated lime is used extensively for this 
purpose and is thoroughly satisfactory. 

The proper proportion of hydrated lime is from 7 to 10 per 
cent, of the amount of cement used, by weight. Eight per cent, 
of hydrated lime was used in constructing the Austin dam, and 
the inside surfaces of the deck slabs have remained dry for a year 
and a half, under a G5-ft. head on the outside of the slabs. 

Reinforcing Steel.—While there is no need of a steel bar being 
notched, twisted, or otherwise deformed, in order for the concrete 
to take a firm hold on it, there is a feeling of security about the 
use of deformed bars and the surety that, under no conditions, 
can they slip, longitudinally, in the concrete. The principal 
value of twisting the bars is the reduction in ductility and increase 
in the elastic limit. 

For the reinforcement of fconcrete, a bar having a great ulti¬ 
mate strength anil a low elastic limit is of less value than one 
having a much less ultimate strength, but a greater elastic limit. 
The reason is that the bar can never l*e stressed to its ultimate 
strength, as the concrete structure would probably fail after the 
elastic limit is passed, because the elongation of the steel would 
be sufficiently great to shift the neutral axis toward the compres¬ 
sion side, producing cracks in the tension side and crushing on the 
compression side. It is better, therefore, to take the elastic 
limit as the ultimate strength of the reinforcing steel and 
proportion the factor of safety to this value. 

Some engineers hold different views and prefer metal having a 
high ductility, enough of it being used to make the concrete safe 
against cracking where under stress. 

A short general specification for reinforcing steel is as follows: 

‘‘The steel rods must be of best quality, cold-twisted bars, of full 
dimensions. Weight, more‘than 3 per cent, in excess of normal not to 
be paid for. The bars when tested at random must show an elastic 
limit above 50,000 lb. per square inch, an ultimate strength above 85,000 
lb. per square inch and an elongation of 8 per cent, or more. 

Bars of *i-in. square, must bend through 180° around a radius 
equal to twice the thickness of bar without fracture. 

Bars of Ji-in. section and larger, must bend through 180° around a 
radius equal to three times the thickness of the bar, without fracture.” 

Of 22 tests made on hot-twisted bars, the minimum elastic 
limit was 55,200 lb. and the maximum 74,000 lb. per square inch. 
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The minimum ultimate strength was 90,700 lb. and thcmaximum 
119,100 lb. per square inch, while the minimum elongation was 
14.7 per cent, and the maximum was 20 per cent. 

Calculation of a Reinforced-concrete Dam.— As an example, 
the following computations are given for a 60-ft. dam with a 
10-ft. thickness of water over the crest. 

Adopt spacing of buttresses 20-ft. apart, center to center. 

For preliminary computations, assume angle of the deck with 
the vertical, or 8 = 48°, and the average thickness of the buttress 
walls = 1.5 ft. 

Clear span between buttresses = l = 18.5 ft. 

The outline of the section will be as shown in Fig. 121. The 
parabolic curve of the spillway is laid out down to a point, say 
20 ft. below the crest, exactly in the same manner as before 
described in the discussion of the design of solid masonry dams. 
The spillway deck is given as small a slope as practicable and 
yet keep the overflowing water from springing clear of it. This 
slope is made at an angle of 24° with the vertical. 

H 

The toe is curved to a radius = j ~ 30 ft., as shown. It is 

usual to make the toe end at an elevation of from 1 to 2 ft. above 
normal low-water level. 

Adopt the type of structure having no longitudinal walls, the 
panels simply acting as beams from buttress to buttress. 

Unit stress in concrete 400 lb. sq. in. maximum. 

Unit stress in steel 16,500 lb. sq. in. maximum. 

Then by eq. 183, the steel ratio, p, becomes 
p = 0.00462 

Assume that expansion joints will be placed 40 ft. apart, 
that is, one joint for each two panels; this will make each longi¬ 
tudinal element of the upstream deck a beam that is partly a 
| continuous girder and partly a simple beam, as previously shown 
in Fig. 120. Hence, the bending moment of the panels, per unit 
Wl * 

width, can be taken as jq lb.-ft., or 1.2 Wl 1 lb.-in. Pressure of 

water at bottom of deck slab = W - (60 + 10)62.5 = 4375 lb. 
per square foot. 

From formula (186), and using values of l, p, and IF, as given, 
the thickness of slab at the bottom to carry the water pressure 
only, and neglecting the weight of the slab itself, is 
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di m 

D x - 


n 

Vo.i 


0.1143 X 4375 


18 5 00462 X 16,500 

47.3 + 2 = 49.3 in. 


= 47.3 


D, or Di, is the total thickness of the slab which is equal to 
the distance from the compression side to the steel, plus the 2 
is. protective covering for the steel, or 

D «= d + 2 in. 


r 



To resist shear, the required thickness of the slab will be, from 
formula (187), 

4372 X 18.5 


da 


1440 


56.2 in. 
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This, however, is the thickness required for the water pressure 
only. To this must be added the weight of the slab itself. 
Assume that this additional load will increase the slab thickness 
2.8 inches, making the total thickness 59 in. 

59 

Weight of slab = 12 X 140 = 689 lb. per sq. ft. 

This weight acts vertically downward. The component of 
this weight, normal to the deck, is 689 X sin 6 = 689 X 0.743 « 
512 lb. per square foot. 

Total load on slab = 4375 + 512 = 4887 lb. per square foot. 


d. 


4887 X 18.5 
1440 ' 


= 62.8 in. 


Which is the thickness of the deck slab at the bottom. Taking 
this at 63 in., the area of the steel for a 12 inch width of slab 
is, from formula (177). 


a 


8 X 4887 X (18.5) 5 

7(63 - 2)16,500 q-in- 


If Y± in. square bars are used, the area of a single bar will be 

0.5625 sq. in. The spacing apart of bars is given by the formula 

, 12a 0 . 

/ = -—in. 


f = distance apart of bars, center to center, in inches, 
do = area of a single bar, in square inches. 
a = total area required per foot width of slab, in square 
inches. 


Tor this case, 

/ = 


12 X 0.5625 
1.9 


3.55, say, 3.5 in. 


The load on the slab at the top of the dam is 
10 X 62.5 = 625 lb. per square foot. 

Required thickness of slab for load, neglecting weight of slab, is 


du “ 18, 


■ 5 yJom 


= 17.9 in. 


0143 X 625 
1.00462 X 16,500 
Du = 17.9 + 2 = 19.9 in. 

Increase this thickness slightly to compute weight of slab. 
Call Du ■ 21.5 in. 
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21.5 

Then weight of slab = -jg- X 140 = 251 lb. per square foot. 
Component of this weight normal to deck = 251 X sin 6 

- 251 X 0.743 = 186 lb. per square foot. 


Total weight is 811 lb. per sq. ft. 
Then 


d ‘ Vo.oo 


1143 X 811 
.00462 X 16,500 


= 19.6 in. 


D, = 19.6 + 2 = 21.6 in. Adopt 22 in. 


Area of steel, per foot width of slab = 12 X 0.00462 X 19.6 = 
1.087 sq. in. 


Spacing of fain. square bars 


0.5625 X 12 
1.087 


6.21 in. 


Adopt 6.25 in. 

Hence, the upstream deck diminishes in thickness uniformly, 
from 63 in. at the bottom to 22 in. at the top, and the spacing of 
the reinforcing rods gradually diminishes from 6)4 in. at the top 
to 3.5 in. at the bottom. 

The thickness of the crest is arbitrarily fixed at 18 in., and 
that of the spillway deck at 12 in. The reinforcement of the crest 
should be of fain. rods, spaced about l x /i in. apart, center to 
center. 

The reinforcement of the spillway dock is arbitrarily fixed at 
a proper amount of steel to prevent cracking. The actual water 
pressure against the spillway deck is very small, and at high- 
water stages the water may actually leap beyond it without im¬ 
posing any pressure on it at all. 

A satisfactory reinforcement of the spillway deck is fain. 
rods spaced on 10-in. centers. This deck should be thickened 
considerably at the toe where the water is deflected from an in¬ 
clined to a horizontal direction. There is a heavy pressure 
caused by the water at this point, which can be computed by the 
formula 


222 X FV* sin a 
ra X 2 


(188) 


in which T = pressure against curved portion of the toe in 
pounds per square foot, and normal to the surface at every 
point. 
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a- anglethrough which water is deflected = angle subtended 
between radii at ends of curve. 

r « radius of curvature, usually = 

V = velocity of water flowing over toe 

= 8.025 yjhv 4 in which h v = height from crest of dam 

to middle point of curvature of toe, and h = depth over 
crest. 

F = depth of water at toe = 3j33 -~. 

This formula may also be written 

_ 7m»V . a 

1 - ra ~ sm 2 > N>- per square foot. (188a) 

In determining the quantity of reinforcing steel necessary, it 
is sufficiently accurate, and good practice, to take the whole toe 
and treat it as if it were of a uniform thickness, equal to its 
average thickness. In this instance its horizontal length = 16 
ft., its average thickness 3.75 ft. = 45 in. This dimension is 
fixed arbitrarily by the designer, and in most dams is much 

greater than 4 ft., though for what reason the author is unable 
to say. 

Average weight of toe per square foot = 3.75 X 140 = 525 lb. 

Vertical component of water thrust is found from formula 
(188a) 

h* = 31.6, K = 47.5, ^ - 5 
Then, V = 8.025 -\/52 A = 58.28 ft. per second. 


Also, a = 58°, sin | = 0.4848. 


60 

T = 2 = 30 f t- 


Substituting the values found 

T = 74 0 X 31.6 X 58.28 X 0.4848 

30 X 58 ~ 37® lb- Per square foot. 

Since the pressure is normal to the surface, this computed value 
is the pressure per square foot of horizontal section. 

Adding this water thrust to the weight of the slab, the total 
stress is 903 lb. per square foot. 
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. 8 X 1.2 X 903 X (18.5)* 

Area of reinforcing steel = o = "" 7(45 — 2) X 16 500 = 

0.578 sq. in. per foot width of toe. (Equation (177).) 

Spacing of steel, % in. square, over bottom of toe is 


1 2 X 0 .5625 
0.578 


11.7 in. 


Adopt 11 in. 

(0.5625 = area of a % in. square bar) 

To find the resultant of the forces acting on the dam and its 
position, the center of gravity is found by the method of 
moments. In this case, the axis Y-Y is a convenient reference 
line. All quantities to the left of Y-Y are negative; all to the 
right, positive. 

For convenience, the figure Is treated as a trapezoid having a 
flat top. This assumption is productive of only a negligible error. 
Dimensions and lever arms are scaled from the drawing. 

Taking quantities on the right of Y-Y and remembering that for 
this condition, volumes instead of areas must be considered, and 
hence, each area must be multiplied by the longitudinal dimension 
of the section in order to find the volume, 

Area of toe from point of tangency, t, to end = 99 sq. ft. 

Longitudinal dimension = length from buttress to buttress 
= 20 ft. center to center measurements. 


Volume = 99 X 20 = 1980 cu. ft. 

Lever arm = 35.5 ft. 

Moment = 1980 X 35.5 70,290 vol. ft. 

Area of spillway deck from crest to point of tangency, t = 
31.90 sq. ft. 


Volume 31.90 X 20 = 
Lever arm = 21 ft. 
Moment = 638 X 21 
Area of crest = 18.7 sq. ft. 
Volume *=> 18.7 X 20 = 
Lever arm = 5.5 ft. 
Moment = 374 X 5.5 = 


638 cu. ft. 
13,398 vol. ft. 
374 cu. ft. 
2057 vol. ft. 


Area of buttress wall from crest down to line AB = 1118 sq. 
ft. Thickness taken at 1.5 ft. 
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Volume = 1118 X 1.5 - 1677 ou. ft. 

Lever arm =12 ft. 

Moment = 1677 X 12 - 20,124 vol. ft. 

Area of buttress wall below line AB = 400 sq. ft. 


Volume = 400 X 1.5 = 
Lever arm = 25 ft. 
Moment = 600 X 25 « 

Totals on right of axis F-F 


600 cu. ft. 
15,000 vol. ft. 


5269 cu. ft. 
120,869 vol. ft. 

On the left of the axis F-F. 


Volumes 

Moments 


Area of upstream deck = 298 sq. ft. 

Length of section = 20 ft. 

Volume = 298 X 20 = 5960 cu. ft. 

Lever arm = 27.5 

Moment = 5960 X 27.5 = 163,900 vol. ft 

Area of buttress wall = 1340 sq. ft. 

Thickness of buttress wall = 1.5 


Volume of buttress wall = 1340 X 1.5 = 2010 cu. ft. 

Lever arm = 17 ft. 

Moment = 2010 X 17 = 39,170 vol. ft. 

Total volume on left of axis = 7970 cu. ft. 

Total moment on left of axis = 203,070 vol ft. 

Taking the moments on the right as negative, the sum of the 
moments is 203,070 - 120,968 = 82,201 vol. ft. 

The sum of the volumes = 5269 + 7970 = 13,328 cu. ft. 
Then the center of gravity lies to the left of the axis, and is a 
82 201 

distance away from it = = 6.17 ft. 

lujOJo 

This locates the position of the center of gravity G, as shown, 
j ae total volume of a 20-ft. length of dam, including one 
buttress wall, has been found = 13,328 ou. ft. or 666.4 cu. ft. 
per foot length of dam. 

Weight per foot length of dam = W « 666.4 X 140 « 93,396 
lb. or, practically, 93,400 lb. total. 
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P " TO# <* 


= 224,200 


The total water pressure acting on the deck is 

H ' 2k) X 02 5 - 60 X 8 ^ XG2 ^ 

2k) X 62.5 - 2 x Q m 

(approx.). 

Height of center of pressure above base is ^ = 

22.5 ft. 

Hence, the line representing the water pressure will pass 
through the face of the deck at a point 22.5 ft. (vertically), 
above the base. It will be normal to the deck, and its length, 
to scale, will be such as to represent 224,200 lb. 

Constructing the parallelogram of forces from the inter¬ 
section of the water and gravity forces, it is found, graphically, 
that the resultant intersects the base 46.5 ft. from the upstream 
and 56.5 ft. from the downstream side. In this case, the length 
of base clear out to the end of the toe is included, because the 
mass of concrete is bound together with metal reinforcement. 
The resultant intersects the base somewhat too far toward the 
upstream side, and the slope of the deck could be safely made 
greater, shortening the thickness through the base of the dam 
and reducing the foundation work required. This would, how¬ 
ever, reduce the resistance to sliding and make it necessary to 
sink the footings well into the rock of the stream bed. 

The total pressure acting vertically on one buttress wall foot¬ 
ing = (P sin 8 + 11020, P and W being the water and struc¬ 
ture weights, respectively, per foot length. 

P sin 6 = P v = 224,200 X 0.743 166,580 

W = 93,400 


Total weight per foot length = 259,980 

Weight on one buttress wall = 259,980 X 20 = 5,199,600 lb. 
If the wall footing were 1 ft. thick, the average weight, per 
square foot, would be 

P, + W _ 5^99,600 
l ~ 103 

The greatest pressure would be at the upstream side and 
equal to 

S — 50,481 11 H-j-Qg- I = 65,1701b. per square foot. 


50,481 lb. 
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Since the assumed limiting pressure on footings is 200 lb. per 
square inch, or 28,000 lb. per square foot, the width of footings 
65170 ° 

must be ^g^ooo = theoretically. As a matter of fact, 

the footings would be spread out to 3 ft. wide or, possibly, 
3.5 ft. The height above the rock to which the footings are 
carried, must be equal at least to their width, after which they 
are stepped in until the thickness is reduced to that adopted for 
the buttress walls. 


Thickness of buttress wall at the bottom 


65,000 _ 
50,000 “ 


1.3 ft. = 


15.6 in., if the limiting wall stress is 50,000 lb. per square foot. 
This wall should be slightly thicker for a 60 height of dam. 

No vertical supporting wall should be less than 12 in. thick. 
The top section should be 12 in. thick down to about the 40-ft. 
level; then increased to 16 in. thick down to the 20-ft. level, and 
frOm that point should be 18 in. thick, down to the footing. 

At expansion joints, the buttress wall may be 16 in. thick all 
the way up from the 20-ft. level to the crest. This added width 
is to give a full 8-in. bearing to each of the two abutting ends of 
the decks which rest on it. It is customary to make the walls 
at expansion joints, the same thickness as the standard walls, 
and place corbels on their upstream surfaces, 18 in. wide, so that 
the deck slabs will have ample bearing surface. This saves 
material but, unless the walls are 50 ft. or more in height, the 
extra cost of the added form work will be greater than the value 
of the material saved. 

Expansion Joints.—Figures 122 and 123 shows two forms of 
expansion joints for making a waterproof, sliding connection 
between adjacent ends of concrete structures. Fig. 124 is a 
detail of the flashing in the joint shown in Fig. 123. 

The joint shown in Fig. 122 is simply a section of some special 
iron which resists corrosion. One-half of it is embedded in the 
concrete of one of the abutting sections. The concrete is allowed 
to harden with one edge of the metal projecting beyond it. The 
edge of the concrete and the projecting metal are heavily painted 
with asphalt, then the other, adjacent section of concrete is 
cast. When finished, the metal key is firmly gripped by one 
section and is free to slide in and out of the other. This is a 
simple and thoroughly satisfactory joint. 

The size of iron plate varies with the head of water acting, 
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and the thickness of the walls. Roughly, plates K-in. by 4-in. 
cross-section should be used up to 12-ft. head, %-in. by 6-in. 
up to 30-ft. head, and J^-in. by 8-in. for any head above 40 ft. 



Having adopted a size of plate, it should be maintained in every 
part of the structure, for uniformity of construction. 

The expansion joint shown in Fig. 123 is simply a dovetail made 
in the ends of the concrete sections, with a flashing of some soft 
metal, such as lead or copper. 

The end of one section is cast with 
one projecting leg of the flashing set in 
it. After this hardens, the end of the 
concrete section is painted, heavily, with 
asphalt, and the other section cast. 

The proper proportions of the flashing 
are; in. thick up to 12-ft. head; J4 
in. thick up to 30-ft. head; and % in. 
thick up to 100-ft. head. Separation of 
the leaves should be 2t; radius = r = f, 
where t = thickness of metal, and e *■ 
}iT, where T = thickness of wall. 

b = c 

(See Fig. 124 for b and c.) 

Before pouring concrete where this joint is placed, always fill 
in between the leaves with a strip of wood that may afterward 
be withdrawn, to prevent spilled or leaking concrete from filling 
the space at any point. 



Fin. 124.—Flashing 
for dovetail expansion 
joint. 
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Expansion joints should be spaced at intervals of ft., 

ti — 1 1 

where the walls are free to move. Where they rest on founds* 
tions, or are thin and easily cracked, the spacing between 

3000 

consecutive joints should be ,- - ft. 

h — h 

<1 = maximum temperature, in degrees F., to which structure 
will be subjected—this will, of course, be when the reservoir is 
empty. 

f» = minimum temperature to which it will be subjected. 
Thus, for a maximum temperature of 100°, and a minimum of 

4080 

32°, distance apart of joints will be ~gg~ = 60 ft. In no case, 
however, should they be more than 100 ft. apart. 



Fig. 125.—Reinforced-concreto retaining wall. 


Reinforced-concrete Retaining Walls. —The general type of 
retaining wall, of reinforced concrete, is shown in Fig. 125. 

The length through the base slab, for a factor of safety equal 
to F against overturning, is given by the formula 

IA + B / B~y E 
1 ■ V'c+g + \cTg) C+O 

A m 3Fwh* tan* (45 - |) 

B = QhD^Wi 

C “ 9Dtt0i 
is 


(189) 
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E = 'ihDiWi 
G = 810/1 

Di = thickness of wall, in feet. 

Da = thickness of slab, in feet. 
t 0 = weight of earth, per cubic foot. 
u»i = weight of concrete, per cubic foot. 
h = height of wall, in feet. 

<t> = angle of repose of earth. 

This formula is exact only for a section in which the thickness 
of the wall is constant from top to bottom, the thickness of the 
bottom slab constant over its whole length, and the distance from 

the earth face of the wall to the outer toe is The value of l will 

be too small for a wall having a batter, or a base slab which is 
thinner at the ends than at the point where the wall sets on it. 
In case these conditions exist, l should be increased from 5 to 
10 per cent, above the computed value. 

For the usual values of 10 = 100 lb., iv, = 140 lb., tan 2 (45 — 

■= 0.286, and factor of safety, F, = 2, the partial formulae become 

A = 171.6 h‘ 

B = 1260/ilV 
C = 1260D, 

E = 420/iDi 
G = 800/i 


In designing a wall of this kind, the procedure is as follows: 

First, the section of the wall, and the bottom slab, must be 
found. The wall acts partly as a gravity section but, principally, 
as a cantilever. 

To find Di 


. I 24 M 
dl ~ \w : h + 48S, m ‘ 


(190) 


and Di = dt + 2 in. 

M = moment of earth tending to overturn the wall in 


wh‘ tan 5 (45 - 

pound-inches =-s- X 12 (191) 


S, ■= allowable compression stress in concrete, per square 
inch. 



dt 

D x 

Wi 

h 
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:~ f Wall r t0 n nter 0f reinforce ment, in inches, 
total thickness of wall, in inches. 

weight of concrete, per cubic foot. 

height of wall, in feet. 


IS ! 8 n0t ff Ct ’ aS ° ertain negli « ible quantities have 

been omitted to simplify it. 

of" 688 ° f the b8Se Slal> 58 n ° W f ° Und ’ g ‘ Ving the Values 


Dt = d a + 2 in. 


I'M . 

V2 S c in ' 


(192) 


Symbols having same meaning as for preceding equation. 

As an example, take the design of a wall 21 ft. high, the propor- 
ions being such that the distance from the inner earth face 

of the wall to the toe = j, the usual values of w, i c, and 

tan 2 ^45 - - j, applying to this case. Limiting stress in con¬ 
crete = S c — 500 lb. per square inch. 


M = 100 X 21* x 0.286 X = 530,000 in.-lb. 


,l = yju 


24 X 530,000 


140 X 2l + 48 X 500 ~ 21,7 in ' 
Di = 21.7 + 2 = 23.7 say, 24 in. = 2 ft. 
. _ /530.000 oo . 

! V2 X 500 _ 23 ,n ’ 


Di = 23 + 2 = 25 i n. = 2.08 ft. 

I - - fill-_6X>+1260 X 21 X2>7 /420 X 21X2V* 17,040 

\ 1260 X2.08 +800 X 21 + 19,420 / ~ 19,420 " 8 48 ft ' 

In the actual design, the thickness of the wall and slab might 
be tapered to advantage, so that the wall would have a thickness 
of, say, 1.5 ft. at the top and 2.5 ft. at the bottom, while the slab 
would be, say, 1.25 ft. thick at the inner end, 1.5 ft. thick at the 
toe and 2.7 ft. thick just under the wall. These dimensions will 
not > appreciably, change the quantities of concrete, and will 
greatly reduce the amount of steel reinforcement required. The 
steel reinforcement required in the wall and bottom slab, is de¬ 
termined by the formula 


8M 

“ = 7 dS t s * m - 


(177) 
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M » moment, in pound-inches, per foot length of wall, at 
whatever point in the height the moment is computed. 

S, = stress, per square inch, allowable in the steel. 

d = depth of beam, from compression side to center of rein¬ 
forcement. 

a = area of steel, in square inches, per foot length of wall. 

Obviously, the amount of steel required progressively dimin¬ 
ishes from the bottom to the top of the wall, so that some of the 
rods will run from bottom to top, others only part of the way up 
to the top, and others a still less distance. The steel area for 
about each 5 ft. of wall height, should be computed and the 
amount of steel adjusted as nearly to these theoretical require¬ 
ments as practical construction will permit. Too much refine¬ 
ment of construction may result in a greater cost than placing 
an excessive quantity of steel, and judgment must be exercised 
in fixing the actual design. Note that steel is required in the 
bottom of the base slab, extending from the line of the inner face 
of the vertical wall, out to the toe. The fact that this portion 
of the base slab is in tension is obvious. 

Where walls are of considerable height—25 ft. and over—it 
is usually more economical to provide diagonal buttresses at 
intervals of from 8 to 15 ft., as shown in Fig. 126. The vertical 
walls and the base slabs are reinforced to act as uniformly loaded 
beams, from buttress to buttress, just like the slabs of reinforced- 
concrete hollow dams. The buttresses, with their diagonal 
tension rods, r, resist the overturning moment acting on the 
wall. The buttresses are anchored to the base slabs by the 
vertical rods, b, as indicated. The area of the steel to anchor the 
buttress to the slab is 


a 


16 ML 

m s q - in - 


(193) 


M *= overturning moment in pound-feet per foot length of wall. 

L = distance between buttresses in feet. 

N = width of bottom of buttress in feet. 

S, = stress in steel in pounds per square inch. 

This assumes a uniform spacing of rods over the base of the 
buttress, from front to back. 

The area of the tension steel, holding the wall against separat¬ 
ing from the buttress, is fixed by the total earth pressure against 
the wall. 
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The area of the diagonal rods, a, is computed, just as for any 
cantilever, 

8 ML . 

a ‘ = 7dS, In - (194) 


d, in this case, is equal to the horizontal distance from the face 
of the wa.ll to the center of the reinforcement, at whatever point 
in the height the computation is applied. 



Fia. 126.—Reinforced-concrete retaining wall with buttresses. 


The spacing of the buttresses should vary with the height of 
the wall. For walls up to 20 ft. in height, 5 to 6 ft. apart is an 
economical spacing. For 20 to 30 ft. height of wall, spacing 
should be between 7 and 8 ft., and for 30 to 40 ft. height, spacing 
should be 9 to 10 ft. 

The buttresses, being only, partly, compression members, and 
principally carriers, separators and protectors of the steel rein- 
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forcemcnt, may be made comparatively thin—from 10 in. thick 
for a 20-ft. wall to 16 in. for a 40-ft. wall. 

After making designs of a retaining wall, the foundation pres¬ 
sure should be computed, and if it is found that the pressure at 
the toe is too great, or is negative (tension) at the inner end of 
the base slab, the base should be lengthened until the maxim um 
pressure is within safe limits, and the negative pressure is brought 
to zero, or given a positive value. By adding an arbitrary 5 or 
10 per cent, to the value of l, and then computing the moments 
of weight of section, plus weight of superimposed earth as the 
resisting moment, opposed to that of the sliding earth, the foun¬ 
dation pressures for the new length of base can easily be deter¬ 
mined in the same way that they are for dams, and as indi¬ 
cated in that section of this work on “Foundations of Dams,” 
wherein this subject is more fully discussed. 

Earth Dams.—Earth dams are seldom used for water-power 
developments. They possess the fatal defect that no water can 
be allowed to pass over them, and, no matter how well they may 
be constructed, any flow over the crest will, inevitably, destroy 
them. 

Occasionally, the topography of the region near a river is such 
that a dam will cause the water to flow around through a side 
depression, so that an earth dike must be constructed to prevent 
this. Also, at some dam sites, the rate of slope of one bank, 
upward from the stream bed, is very small, and the crest of a 
masonry dam running across the stream and far beyond, in 
order to reach a given contour, would be abnormally long. In 
such cases, the concrete, or masonry dam should be made long 
enough to afford an ample spillway for the heaviest known floods, 
and that portion of the dam, from the end of the spillway on out 
to the point where the desired contour is reached, may be an earth 
dike. 

The usual method of earth dam construction is to build a 
masonry, or concrete, core wall, ranging from 1 to 3 ft. through at 
the top. It is battered in both sides, the usual batter being 
between 16:1 and 20:1. This wall must be sunk in a ditch 
which is excavated down to rock, or well into “hard-pan.” The 
earth is then compacted on either side of the wall. The wall 
may be built up as the construction of the earth bank proceeds, 
being kept slightly higher than the earth. 
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The site must be cleared of all vegetation and top soil .and a 
good bearing surface reached. 

The proportions of the mixtures of different kinds of earth 
vary greatly with the character of the materials, the methods of 
handling and the personal views of the engineer. The thickness 
on top ranges from 6 to 30 ft. A formula which seems satis¬ 
factory is; top thickness = 5 + 0.2 H, H being the height of the 
dam. The. top of the core wall usually comes within 3 or 4 ft. of 
the top of the dam and 4 to 12 ft. above the water level. 

The earth slope on either side of the wall ranges between 1: 
and 1:3. 

The materials must be carefully selected, graded and com¬ 
pacted. The earth is always deposited in layers; then wet down 
and compacted by tamping and ramming. 

The upstream face of an earth dam is usually covered with 
rip-rap or, in some cases, a layer of screened, coarse gravel on 
whicih is laid a pavement of concrete—5 to 8 in. in thickness. 



Fig. 127.—Section of the Hinckley earth dam. 


One of the most important causes of failure of earth dams is 
the seepage of water along the side of a pipe or conduit laid 
through them. Any passage through an earth dam should be 
avoided, if possible. If necessary to lay a pipe through one, 
surround the pipe with a series of concrete rings cast around it, 
of not less than 2 ft. greater diameter than the pipe, and the 
outer diameter of the ring should be twice the diameter of the 
pipe when the latter is greater than 2 ft. in diameter. The thick¬ 
ness of these rings should range from 6 in. for a 3-ft. diameter, 
to 12 in. for one of 6 ft. Preferably, these rings should be rein¬ 
forced with steel hoops. The number of rings should be from 
3 to 5, beginning 2 ft. from the upstream face of the dam and 
spaced 4 to 6 ft. apart. 

The earth must be compacted against the pipe and leakage 
rings with special care, and a mixture of clay with the run of 
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earth should be used to insure the prevention of the passage of 
water through the dam along the surface of the pipe. 

The downstream side of an earth dam is sometimes stepped 
off with berms at vertical intervals of 10 to 15 ft. The berms 
are from 6 to 8 ft. wide. The whole of the exposed portion of 
the dam should be sodded, and a thick grass covering cultivated. 

Drains should be provided, of tile pipe, from the bottom of the 
downstream side of the core wall, to the downstream face of the 
dam. Three-inch tile pipes spaced on 6 to 10-ft. centers and 
ending a foot from the core-wall face make a satisfactory drain¬ 
ing system. 

Figures 127 and 128 show examples of earth dams indicative 
of general practice. 


Jig. 129. Second-stage flumes and artificial core, Conconully dam. 



Hydraulic Fill Dams.—These are simply earth dams in which 
the material is moved by sluicing it down, then pumping the 
liquid, containing the earth in suspension, into troughs or chutes, 
which deliver it to the site of the dam. The water drains away, 
leaving behind the earth, and in this way the embankment is 
built up. 

The initial portions are formed by placing, planks or gravel 
around the boundary of the base to prevent the material from 
Bpreading too greatly. The embankment is usually brought up 
to near its full height in two parallel banks or ridges, one upstream 
and one downstream, with a depression in the middle which is 
filled with the water escaping from the liquid material. 

Figure 129 shows the two banks with the pool of water between 
them, and also the core that is being placed along the middle of 
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the dam. The troughs, or sluiceways, which carry the liquid 
and distribute it over the banks are, also, clearly depicted. 

After the dam has risen to near its ultimate height, a single 
flume discharges into the space lying between the two parallel 
banks, filling it and finally bringing the crest of the dam up to 
the desired elevation. 



Fig. 130.—Third-stage flumes, Coneonully dam. 


Figure 130 shows a dam, nearly completed, with the single 
distributing flume over its crest. Both of these illustrations are 
of the Coneonully dam of the United States Reclamation Service, 
and are taken from the Proc. Am. Soc. Civ. Eng. of April, 1911, 
in which a complete paper by Henny describes this dam. 









CHAPTER VIII 


MOVABLE CRESTS FOR DAMS 

Due to the variable flow in streams, the elevation of the lake 
formed by a dam changes considerably from periods of high to 
low water. The minimum elevation is that to which the water 
is drawn down during periods of drouth, while the maximum ele¬ 
vation is that due to the height of dam, plus the thickness of 
water over the crest during floods. Obviously, the head acting 
on the water wheels, and the amount of water stored in the lake 
are both minimum during the time of low water. Since the 
criterion of the value of a water power is the amount of power 
which may be continually developed during the period of low 
water, it is evident that any means whereby the lake level may be 
kept higher than the crest of the dam during such times will 
increase the value of the entire investment. It is equally clear 
that the level of the lake, during times of flood, must not be 
increased by such means as may be adopted to augment the power 
and storage volume for normal or low-water periods. . 

Many appliances have been devised to be placed on the crest 
of dams which, under normal conditions, increase the height of 
the dam, raising the water level above that of the crest, and dur¬ 
ing times of flood are in some manner moved off or away from 
the crest, so that the flood water pours over the normal crest of 
the dam. Some of these devices are automatic in their action, 
while others are moved at will, either manually or by power. A 
few of the most important of these are hereafter given. 

Flash-boards.—Flash-boards are simply a- series of planks, set 
vertically on top of the crest, forming a wooden barrier, and held 
in place by vertical iron rods which have their lower ends sunk 
into the masonry of the crest. Flash-boards vary in height from 
18 in. to 4 ft. In flood periods, the excessive pressure of the 
water bends the supporting rods, which are designed to have a 
resistance to bending such that a flow of some predetermined 
height will bend them over. The boards are carried downstream 
in the flood and lost, and before the succeeding period of low water 

283 



284 HYDRAULIC DEVELOPMENT AND EQUIPMENT 

thCTJ* "7 8et ,° f flash - boards must be installed. Obviously 

with flash-boards. ’ ^ dams are ^pped 

In designing these, the rods ant placed from 4 to s ft 

which gives the moment the foree LdingT“ottTthe 
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Automatic Crest Gates.—There are several types of water bar¬ 
riers which are placed on the crest of dams, which move them¬ 
selves automatically when the water level reaches a certain height, 
and restore themselves to normal position when the lake level has 
fallen a certain distance below the maximum allowable level. 
The simplest, most reliable and lowest cost device of this kind 
is the tilting crest gate. 

An example of the use of these is on the Austin, Tex., dam, 
where the crest, 1100 ft. long, is provided with these gates, most 
of which are 18.5 ft. long by 15 ft. high—-probably the largest 
crest gates that have ever been constructed. The construction 
of one of these gates is indicated 


in Fig. 131. It consists of a flat 
(or curved) slab, which revolves 
about a rocker or bascule. When 
the gate is vertical, and stops the 
flow'of water over the crest of the 
dam, the point of contact between 
the bascule, against which the 
water pressure forces the gate, 
and the gate surface, is one-third 
the predetermined height of the 
water level above the crest of the 
dam When the water level has 
reached this fixed height, the mo¬ 
ment of the pressure above the 



Fio. 132.—Diagram of forces 
acting on tilting gates. 


bascule is exactly equal to the moment of the pressure below it, 
as indicated by the full lines in Fig. 132, which shows the forces 


acting on the gate. When the water rises higher than this prede¬ 
termined point, the moment of the forces above the bascule ex¬ 


ceeds the moment of those below it, as indicated by the dotted 
lines in the figure. There being an unbalanced force tending to 
rotate the gate, it turns until it reaches a horizontal position, 
and the water pours over the spillway, the depth of water being 
equal to that at which the gates moved, while the gate is simply 
a vane in the current. 


The gate is so constructed that its center of gravity lies below 
the pivotal point when in its vertical position. As it revolves 


about the bascule, the lever arm of the center of gravity, tending 
to turn it back into its vertical position, increases, because the 
point of support of the gate rolling on the bascule, continually 
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travels away from the bottom and toward the top, as the gate 
turns toward its horizontal position. This is obvious from the 
figures. 

When the gate is in a horizontal position, the weight of water 
over its upper surface is practically constant from end to end 
and, therefore, this mass of water has little or no tendency to 
return the gate to its vertical position. The water flowing 
underneath the gate tends to press against its under surface 
near its upstream edge, and falls away from it, down the spill¬ 
way, at its downstream edge, and, therefore, the underflow of 
water tends to hold the gate against turning back to the vertical 



Fia. 133.—Bascule and guide pin channel for automatic crest gate. 

position. Hence, in the design of these gates, the moment of the 
weight, acting through the center of gravity at a given distance 
from the point of support when the gate is in a horizontal posi¬ 
tion, must be substantially equal to the upward thrust of the 
water entering under the gate at its upstream edge, which thrust 
gradually diminishes to zero at the downstream edge. The 
actual resultant of these forces is practically impossible to com¬ 
pute, owing to secondary forces set up by eddy currents, and 
possibly, some air suction. 

Theoretically, the bascule about which the gate turns has the 
form of an involute of a circle. In 

and ftie amount of variation from the theo- 
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retical form is, in turn, dependent on the counterweighting of 
the gate, which fixes the position of its center of gravity and the 
amount of weight acting through it. Fig. 133 shows the outline 
of a bascule designed for a gate having a total height of 6 ft., and 
designed to begin turning when the height of water above its bottom 
edge is 5 ft. 3 in. This drawing also shows the guide slot in 
which works a heavy iron pin having a brass roller over it. In 
the usual design there is a bascule placed at each end of the gate, 
and in each end is fastened the iron pin which keeps the gate 
in position on the bascule. Without these holding pins, the 
gate, when turned in a horizontal position, would be carried 
downstream by the impact and friction of the rapidly moving 
mass of water. 

The forces acting on the gate are as indicated in diagram, Fig. 
132. The maximum bending moment for the vertical members of 
the gate occurs just before it tilts, and is at the point of contact 
with the bascule. The upper portion of the gate above the 
bascule is treated as a cantilever which has a water pressure 
against it equal to 

Pi = x ( 2 ^) 2 = 13.9/i 2 lb. per foot length of gate (195) 

The center of pressure at which this force acts is at a height 

= H t or ^ feet above the point of rotation, which distance is 
u y 

marked a in Fig. 132. Hence, the moment tending to bend 
the upper portion of the gate downstream is 

Mi = 13.9/r X 2 g = 3.1ft 3 lb. ft. 

in which h = height of water from crest of dam to elevation 
at which gate is designed to begin turning. 

From this, the most economical distance between vertical 
members, and their dimensions, can be computed. 

The bending moment tending to buckle the gate horizontally 
downstream is 

Mi = X £ = 3.9ft 2 / 2 lb. ft. (196) 

l being the clear span between supporting bascules. 

M, should be computed for several different values of h, because 
it is, obviously, much greater at the bottom of the gate than 
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near the top, and in construction, the longitudinal members 
are mode heavier and stronger, and placed closer together near 
the bottom than at the top. 

In practice, these gates are made up of structural-steel frames, 
which are of sufficient strength to take all of the stresses imposed 
on the entire gate. The upper portion of the gate, or about 
66 to 70 per cent, of the total gate height, is covered over with 
heavy wood planking, the adjacent edges of the planks being 
fitted together with wooden tongues. The thickness of this 
wood varies with the height, being 2 in. for a gate 6 ft. high and 
4 in. for a gate 12 ft. high. The disposition of the longitudinal 
members against which the planking rests, and which fixes the 
distance apart of the planking supports, influences, considerably, 
the thickness of planking adopted. 

The lower portion of the gate is generally filled with concrete, 
properly reinforced to withstand the stresses, and this acts not 
only as a filler for the lower part, but also as a counterbalance. 
Figs. 134 and 135 show the framework and details for a gate hav¬ 
ing a height of 6 ft. and length of 18.5 ft. The location of the 
guide pin is shown in both figures. The diagonal rods, extending 
from near the middle of the gate to each of the upper corners, are 
used in adjusting the gate to make it absolutely rectangular. 
Iron frames of this character will vary from the rectangular 
form, and these means must be used to bring them into 
adjustment. 

The ends of the framework have angles rivetted on them, 
which project beyond the edges of the gate, and these angles are 
backed up with heavy reinforcement over that portion of their 
length which rests against the bascule. This reinforcement is for 
the purpose of strengthening the angles, so that they will not be 
bent in by the water pressure tending to force the gates down¬ 
stream. The wood planking is held, as shown, by rivetting an 
angle section along the transverse I-beam, which is just above 
the concrete filling, forming a channel between the inside of the 
I-beam flange and the upwardly projecting leg of the angle. 
Into this channel the lower ends of the planks are driven, the 
upper end being held by a similar channel in the top of the upper 
cross-beam, which latter is removable by unscrewing the top 
nuts which hold it down. After the wood planking is in place, 
this top member is driven down onto the upper ends of the wood 
pl a ntin g and firmly bolted in place by the end bolts. To pro- 
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** DOWNSTREAM VIEW 

Fig. 134.—Automatic tilting gate. 
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vent upward deflection of the top member, any upward move- 

tenf ° W W, ‘ T 0U '? frCC the Upper cnds of the P’anks, a vertical 
tension rod is placed m the middle of the gate, as shown. This 

on itTunn UP /° Ugh the t0P Channe1 ’ and a nut > screwe d down 
its upper end, prevents the bending upward of this member. 


U 27 W H 
Guide Pin Roller 
«"-l" 

8 R«i|ulretl 



SECTION CC a 


T 


SECTION DD & 



*B 

SECTION SB SECTION AA tl 

I'ia. 1.3;,—Details of automatic crest gate. 
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downstream, which may break the holding pins, or twist the side 
of the gate so that the pins can come out of the guide grooves, 
and the gate carried downstream. Where the guide pins p««s 
through the ends of the gates, the steel must be heavily rein¬ 
forced with fiat plate and angles to strengthen the end members 
against twisting from the guide pin stresses, and, also, to provide 
a sufficient bearing surface for the pins. 

The top and bottom edges of the gates should be brought to 
sharp angles, either by a special form of steel shape, or the use of 
wide standard angles. If the surface of the gate bottom is flat, 
the pressure set up by impact of the flowing water is very great, 
and, in addition, the quantity of water which may be discharged 
through the opening will be considerably reduced. Theoretic¬ 
ally, it would be better if a vertical cross-section of the gates were 
parabolic in form instead of a straight line, so that when the gates 
turn into a horizontal position they would follow in contour the 
stream line of the nappe. The advantage to be derived from 
this construction is not sufficiently great to warrant the increased 
cost. 

These gates are staunched by means of staunching strips, such 
as are indicated in Fig. 131. As shown, wooden timbers are fas¬ 
tened to the end angles, which timbers are bevelled on one edge. 
These timbers are placed so that the bevelled edges contact against 
the supporting piers, the sharp edge of the bevel being upstream. 
They are fastened to these angles by means of bolts which pass 
through slotted holes in the timber, the slots running transversely 
across the staunching timbers, as shown. The bolts are npt 
set down tight against the surface of the strips, but a small 
amount of play is allowed. The water pressure on the upstream 
side forces the staunching strips against the pier surface, thereby 
making a tight joint. The pressure which moves the staunching 
strips outward against the piers is equal to the unit water pres¬ 
sure, multiplied by the area of the inner edge of the strips. Since 
they are bevelled on the outside edge, any water leaking past 
them can not set up a counter-pressure to move them away from 
the piers, because there is no surface against which it can act. 

Gates constructed in this manner have been found satisfactory 
and reliable, and they can be so designed as to completely open 
and close within a range of 14 in. change in lake level. 

Protection for Crest Gates.— Where flood waters of streams 
bring down quantities of driftwood and heavy debris, the floating 
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logs and trees are so interlocked and piled up on each other, that 
the depth of driftwood below the surface of the water may, at 
times, be many feet, and when the mass of drift attempts to flow 
over the crest of the dam and through the gate openings, the 
upper portion will pass freely over the upper surface of the gate, 
but the lower portion will often wedge itself between the crest 
of the dam and the under-surface of the gate. The accumulation 
of additional driftwood, urged downstream by the flood waters, 
will produce a heavy thrust against the mass wedged on the 
underside of the gate, and will buckle the gates upwardly. It, 
therefore, is necessary to place a protecting screen in front of the 
lower portion of the gate opening which will effectively prevent an 
interlocking mass of driftwood from wedging underneath the 
gate. This protective screen may be made up of two or more 
horizontally placed I-beams, which are fastened to the upstream 
faces of the piers, between which the gates operate. Even a 
single beam placed across the lower portion of the opening, at a 
point halfway between the crest of the dam and the bascule sur¬ 
face, will protect the gates against the driftwood. These I- 
beams have to be of considerable strength, owing to the heavy 
pressure set up by the driftwood. It is impossible to fix the size 
by computation, owing to the fact that the force acting can only 
be surmised. With a span of 12 ft. and a total height of gate 
equal to 6 ft., the beam should be a 6-in. I, weighing approxi¬ 
mately 14 lb. per foot. The allowable bending moment on this 
beam is 11,000 Ib.-ft. = 132,000 lb.-in. With this as a basis, the 
size of beam for any other span and height of gate may be com¬ 
puted, the bending moment increasing as the square of the span 
and, also, as the square of the height. The I-beams should not 
be closer together than 2 ft. Fig. 131 indicates this method of 
protection. 

The piers must extend sufficiently far upstream to allow the 
formation of stop-log channels in the sides, which channels must 
be far enough away from the bascule for the gate to turn and 
clear the stop logs when in its horizontal position. This is like¬ 
wise indicated in Fig. 131. 

Stoney Roller Gates. —These gates are well adapted for placing 
on the crest of a dam to regulate the water level and discharge 
over the dam. They are regular sliding sluices comprising a 
panel, or slab, which moves vertically upward to open, and down¬ 
ward to close. In the sliding gate, the enormous thrust of the 
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water against its surface produces a corresponding friction be¬ 
tween the gate and the slide in which it moves. The Stoney gate 
was devised to eliminate this friction and thereby enable large 
and heavy gates to be moved with a comparatively small exertion 
of power. The principle of the Stoney gate is indicated in Fig. 
136 herewith. 

As shown, a series of rollers, which have their centers along the 
same vertical line, are imposed between the gate and the support¬ 
ing pier. When the gate moves, the rollers travel in the same 
direction as that in which the gate does, but at half the speed of 
movement of the gate. There is no pressure carried to, or 
through, the axles of the rollers. The pressure passes directly 
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Fig. 136.—Diagram of the Stoney sluice gate. 


across a diameter of the roller from one side of the periphery to 
the other. 

The rollers are all mounted in a vertical frame, which moves 
with the movement of the gate, its distance of motion being 
one-half that travelled by the gate. 

Obviously, it is impossible to make the gate seal itself against 
leakage at its sides which connect with the supporting pier, and, 
in order to prevent leakage, staunching rods must be used. 
These consist of wooden, or rubber-covered steel rods, circu¬ 
lar in section, which are loosely hung at their top and bottom 
ends and extend from top to bottom of the gate at either side, 
lying in the corner between the gate and the pier. 
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These gates an; moved by means of a hoisting apparatus placed 
on a bridge which is built above the crest of the dam and rests on 
the piers. They have been built in sizes larger than it is possible 
to make any other form of moving water gate. 

Some of the gates for the Assuan dam are 58 ft. in height by 
21 ft. in width. One of these is shown in Pig. 137. Others have 
been made 28 ft. in height by 32 ft. in width; gates which it 
would be impossible to move, unless provided with anti-friction 
rollers. Fig. 138 shows details of practical construction of gates 
of this type. 

The objection to the use of these as crest gates lies in the ex¬ 
cessive cost of the installation. The height of the hoisting bridge 
above the crest of the dam must be more than twice the height 



Fki. 137.—Money gntc for Assuan dam. Sluice frame, with sluice entering, 
showing rollers, pulleys, etc. 


of the gate. This requires either heavy piers with considerable 
masses of masonry or expensive structural-steel frameworks. 

The hoisting apparatus may be operated by hand or power, as 
desired, and is simply a special form of winding drum. A hoist 
is not required for each gate. A railway track laid across the 
bridge on which the hoist can travel, and one hoist to move any 
gate is usually a satisfactory arrangement. Two hoists are al¬ 
ways required so that, in case of one' becoming inoperative for 
any reason, the other can be used to move the gates. 

In the design of these gates the steel framework is computed 
with the vertical members of sufficient strength to withstand the 
vertical bending moment due to the water thrust. Means for 
computing these moments have been before given. The frame¬ 
work may be covered with planking, steel plate or a thin slab - 
of reinforced concrete. The latter, however, adds considerably 
to the weight of the gate and, therefore, is not to be recommended 
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except under certain special conditions. The gates are usually 
counterweighed by means of concrete weights attached to wire 
cables or chains, which pass over sheave wheels located on the 
hoisting bridge. 


Theoretically, the amount of power required to move these 
gates is very small, but the presence of any silt, leaves, twigs or 



other substances which may lodge against the roller surfaces and 
over which the rollers may have to travel, increases this theo¬ 
retical power by several hundred per cent., ami in the design of 
hoisting apparatus this possibility should be taken into account. 

The Stickney Gate.—This gate and its method of operation 
are indicated in Fig. 139. As shown, it comprises two 



Fig. 139.—Stickney automatic crest gate. 


leaves, set approximately at right angles to each other, hinged, 
at tqe point where they join, to the crest of the dam, which latter 
is provided with a long recess into which one of the leaves may 
sink, taking a vertical position, the other leaf then taking a 
practically horizontal position. Openings pass through the dam 




290 HYDRA UL1C DEVELOPMENT AND EQUIPMENT 

from the recess to the upstream side, so that there is always a 
water pressure inside the recess proportional to the height of the 
water above it. A counterweight is attached to one of the leaves, 
and indicated by the black rectangle shown in the figures. It 
produces a moment tending to turn the gate to open, (downward), 
position. 

The water pressure against the leaf which forms the water 
barrier, also produces a moment tending to open, or lower, the gate. 
Opposed to these two moments is that of the water pressure in 
the recess acting on the second leaf. Therefore, in order to cause 
the gate to rise and stand upward, when the water level is within 
certain limits, and to lower it automatically when the height of 
the water exceeds these limits, there is a necessary relationship 
between the lengths of the two leaves and the moment of the 
counterweight. The equations for these relationships are as 
follows: 

Referring to the figure, the values of h u a and /3 are fixed by 
the design of the crest of the dam. 

A, 

cos /3 = len B th of upper leaf. ( 197 ) 

height of hinge above downstream edge of recess in crest, 
angle leaf b makes with the vertical when raised, 
height of water above hinge. 
l'Sb 2 h + hi 3 . r , 

\3(/i + hi) = onRth of lower lcaf (198) 

Moment of counterweighting is 

y... 10.4 r 

Wl = sin a k 2 ) + Wb - 4/h 3 -f 2 b* cos fl] (199) 

Find the weights and locations of the centers of gravity of a 
and b. The sum of their two moments about the hinge is de¬ 
ducted from 11 1, and the remainder is the moment which the 
counterweight must produce. The weight of the counterweight 
is then found by dividing the net moment by the distance from 
the hinge to the center of the weight, the amount of weight 
required being dependent on its distance from the hinge. 

Ihis gate has the advantages that no overhead bridge is 
required, it is automatic in operation and gives a clear passage¬ 
way for driftwood or other debris. 

It has the disadvantages that the crest of the dam must be cut 
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away to make the longitudinal recess, which becomes a serious 
matter when the height of the gate exceeds 3 or 4 ft., and that 

the path of the water pouring over the spillway is not the proper 

parabolic curve. This, also, becomes important under certain 
conditions which have previously been explained in the chapters 
on Dams. A third disadvantage is the necessity of staunching 

the edges of both of the leaves and also the bottom edge of the 
lower leaf. 

Automatic Gates with Rolling Counterweight.—This form of 
gate is indicated in the sectional drawing, Fig. 140. The methods 



of construction and operation are obvious from the figure. The 
gate, which turns about the knife edge at its lower end, is held 
against the water thrust by flat iron links attached to its upper 
end, and these links, in turn, arc fastened to chains, or wire ropes, 
which wind around a heavy steel drum. The drum rolls on an 
upwardly inclined path and, as the gate tends to fall, by reason of 
the increase in pressure due to raising of the water level, the chain 
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or cable must unwind from the drum, and this, in turn, causes 
the drum to roll along its inclined path. Hence, opening of the 
gate causes an elevation in the position of the drum. 

' The weight of the drum, the diameter of that portion of it over 
which the cable or chain is wound, 
and the inclination of the path over 
which the drum rolls, are all ad¬ 
justed to coordinate with the water 
pressure acting to overturn the gate. 
Referring to Fig. 141, which repre¬ 
sents the end of the drum and the 
forces acting on it, the vertical line 
OW represents the weight of the 
drum. T is the point of contact 
where the drum rests on the path. 
M‘ represents the pull on the chain 
or cable, set up by the water pressure 
acting against the gate. If «, and a 2 represent, respectively, the 
lever arms of these two forces with respect to the tangent point 
T, then, for equilibrium, U'a, equals Fa-.. 

The form of the path of the roller was determined experi¬ 
mentally. 




Fm. 142.—Counterweight ami piers. 


The roller is filled with concrete in order to add to its weight. 
To prevent it from slipping on the track and constrain it to roll 
evenly as it moves upward, roll ropes are provided. These are 
wire ropes which are anchored at the upper end of the track, 
pass down underneath the roller and are wrapped around it with one 



Fig. 141.—Diagram of 
forces acting on rolling coun¬ 
terweight. 
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turn and fastened into the roller surface. The roller, therefore, 
rolls up and down, winding and unwinding itself on these roll 
ropes. Rope sheaves are formed on the ends of the roller to 
receive these ropes as well as the counterweight ropes. 

Obviously, this gate must be placed between piers, there being 
one at either end, and a roller track on each pier, the roller span¬ 
ning from pier to pier, as shown in Fig. 142. 

An ingenious method of staunching has been devised for these 
gates and is indicated, in section, in Fig. 143. There is a clear¬ 
ance of, approximately, }4 in. between the pier and the end of the 


gate. Thin sheet metal is bent into the 
form of a closed trough which has a 
length equal to the length of the gate, 
and is placed in the clearance space 
between the end of the gate and the 
pier. • The trough is not entirely closed, 
but there is a small opening between 
the upstream surfaces, so that water 
may enter past the edge b, filling the 
space a. The water pressure tends to 
spread open the trough and thereby push 



Fie. 143.—Method of 
staunching gates. 

its outer surface against 


the surface of the pier. 

- These gates operate satisfactorily, but, as is obvious from their 
construction, the cost of equipping a dam with this type of auto¬ 
matic gate would be very great as compared with some other 


kind. 

Taintor Gates.—A form of crest gate which is used to consider¬ 
able extent in America is the Taintor gate. Its construction is as 


indicated in Fig. 144. As shown, these gates are circular arcs in 
coss section, well supported on a framework of steel or wood, the 
convex surfaces being turned upstream, the concave surface 
downstream. They are pivoted on trunions, which are placed 
downstream with reference to the gates, their position coinciding 


with the center of the circle of which the gates are arcs. To 


open them, they are rotated upwardly around the trunions, move¬ 
ment being effected in several ways. One method is by means of 
a pinion which engages in a segmental rack, there being one of 
these racks and a cooperating pinion at either end of the gate. 
These gates work between the end surfaces of piers, and a shaft 
is provided running across from pier to pier on which the two 
operating pinions are carried. This shaft may be moved by 
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hand or power, as desired. Fig. 145 shows the general arrange¬ 
ment of the upstream side of a gate of this type, the operating 
pinions and racks in which they engage being clearly indicated. 



Where a number of these gates is placed on top of the crest of 
the dam, it is usual to substitute chain, or cable, lifts for the rack 
and pinion. Sheave grooves are formed in the gate, there being 



Fiu. 145.—Gear-operated Taintor gate. 


one at either end; a chain or cable laid in each groove, is fastened 
at the bottom and passes upward to a bridge or walkway above 
the gates, on which a winding hoist is placed. By means of this 
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hoist the chains or cables may be wound around drums, and in 
this way, the gate pulled upward until it is wide open. Two or 
three hoists running on rails placed on the bridge are sufficient 
to move a number of gates in succession. 

Figure 146 shows a movable hoist for Taintor gates. The lift¬ 
ing ropes, or chains, wind on the helically grooved windlasses of 
the machine. The hoist may be operated by either hand or 
power. The one shown in the figure is worked by an electric 
motor. • The amount of power required to move Taintor gates is 
comparatively small, as the friction around the trunion bearing 
is the only resistance to be overcome, and the lever arm of the 
operating racks, or chains, about the trunion, is considerable. 
The only objectionable feature of these gates is the extent of the 
piers downstream to support the trunions, or the necessity of 



Fia. 146.—Portable hoist with motor, for Taintor gates. 


building up some form of support to carry them and, in some 
cases, the cost of the hoisting bridge above. 

From equations and data already given concerning other forms 
of crest gates, the forces acting can be readily computed and the 
necessary mechanical structure designed to resist them. 

Rolling Dams.—Rolling dams have been used to a considerable 
extent in Germany, and a few installations have been made in 
America. Primarily, these consist of a cylinder placed between 
piers, the diameter of the cylinder being equal to the Height to 
which it is desired to elevate the water. This cylinder, or drum, 
is built up of boiler plate and braced to withstand the stresses to 
which it is subjected. Inclined paths, one at each end of the drum, 
are provided, up which the drum may be rolled by hand or machine 
power. On each end it has a gear which engages with a rack 
laid on the inclined abutments and, by means of a sprocket chain 
wrapped around one end of the cylinder and connecting with the 
operating mechanism, the dam is rolled up or down the abutments 
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as desired When rolled up from the crest of the dam and to a 
considerable height above it, a clear opening is provided for the 
passage of water and ddbris. 

thllithfZ de , VeI , 0p ™ ent ' the drum is ™de much smaller than 
the height to which the water is to be raised and a segmental 

sheath is attached to it, this sheath having a height equal to the 

desrred elevation. Fig. 147 shows a roller dam of this C a! 

installed on a division dam of the United States Reclamation 

trvice mar oise, Idaho. As shown in the figure, the sheath 



,c " eih 

cvlinHer nr li re , * Th arc 18 llot conc entric With the main 
y der or shaft, but its center of curvature is located 4 ft 

laid at an angle of 21^° with the vertical. 
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ible plate bound with oak timbers, which spring against the abut¬ 
ments as the dam is being closed, thus making it practically 
water-tight at the ends. When the dam is entirely open, it clears 
the crest by about 18 ft., and, as the maximum height of the water 
above the crest of the dam is only 10 ft., there is plenty of clear¬ 
ance for logs or d4bris to pass at the maximum high-water stage. 
As the dam opens, it recedes slightly from the position it occupies 
when closed, so that any drift of sediment that has accumulated 
on the crest in front of the dam offers no hindrance to its opening. 

The controlling mechanism consists of a sprocket wheel, a 
shaft and the necessary gears, and is arranged so that it may be 
operated by a direct-connected motor or hand power. The hand- 
operated mechanism gives a very slow motion, however, and is 
intended for use only in case of trouble with the motor. 

This dam is moved by a 3-hp., 500-r.p.m. motor. This motor 
will open the roller in about 15 to 20 min. 

This form of gate is satisfactory in every respect except that 
of first cost. The height and size of the pier necessary to roll it 
up from the crest and give sufficient clearance, make an expensive 
construction. It has, however, the advantage that the distance 
between piers may be made practically any desired length up to 
100 ft. For a mathematical discussion of the forces acting, refer to 
article, by Hillbcrg, in the Engineering Record, December, 1913. 

There are many forms of movable water barriers and no at¬ 
tempt is made to describe them all here. The principal ones onty, 
and their methods of operation are set forth, and it is probable 
that many variants of those described, as well as original methods 
of handling the same problem, will occur to the minds of designing 
engineers who have the question of making a variable height of 
dam crest, with all the attendant conditions, before them. 



CHAPTER IX 


HEADWORKS 

Forebay.—The forebay is the name usually given to the por¬ 
tion of the lake which lies immediately upstream above the head- 
works. Generally, this is a small bay in the lake in which 
the water is comparatively still, except for such motion as is 
produced by the inflow passing through the headgates. A log 
boom is usually placed across the forehay, making an angle with 
the direction of flow of the stream. The boom is to prevent 
floating materials and debris' from entering the forebay and, as 
they are kept within the influence of stream flow and carried off 
by it, any accumulation in front of the boom is prevented. 

When the water carries sand in suspension, it is necessary to 
have a forebay of considerable area, so that the velocity of the 
water moving in it, toward the headgates, will fall to less than 
0.75 ft. per second, in order that the sand may all be deposited 
before the water enters the penstock. If sand is present in the 
water, and it reaches the water wheels in even an infinitesimal 
quantity, the wheel runners and vanes are soon cut away. 

Stop Logs.—Stop logs are temporary water barriers which are 
placed in front of headgates or crest gates when it is necessary to 
repair them. They are simply timbers, ranging from 4 by 8 to 
10 by 12 in. in cross-section. These logs are dropped into stop 
log slots, which are recesses, or grooves, made in piers or abut¬ 
ments to receive them. In Figs. 132 and 148, these slots are 
indicated in the piers which project upstream from the head- 
gates. It is better to place these slots upstream, above the racks 
as well as the headgates. When it is necessary to reach the 
racks, or gates, the logs are dropped into the slots, one by one, and 
the water pressure holds them tight against the rear of the slot. 
The logs have to be piled up higher than the level of the water, 
otherwise the whole mass will float and not make contact with 
the bottom. 

These logs are removed by lifting them, one at a time, with the 
usual log-lifting devices, having sharp spiked projections which 
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catch into the surfaces of the wood. In some cases, special metal 
castings are sunk into the ends of the log, one being placed near 
each end, and a lifting rod, with an iron shoe fastened on one end 
which fits into these castings, is used to lift them out. 

Where the span between piers is small, say under 5 ft., and the 
depth not more than 8 ft., 
wooden gates in sections of 2 to 
3 ft. in* height, may be slid into 
the slots instead of individual 
logs. The thickness of planking 
for the gate, or the thickness of 
the logs used, is determined by 
the usual formula for flexure in 
simple beams. A large factor of 
safety should be adopted, not 
less than 5, because, whenever 
the water is shut off by these 
means it is always for the pur¬ 
pose of allowing workmen to get down behind them for repairs 
or inspection. 

Log Booms.—Booms are sometimes placed upstream, above the 
headworks, to catch heavy driftwood, and prevent it from in¬ 
juring the headworks. A boom for this purpose is conveniently 
made up of large timbers, either round or square, which are 
flexibly connected at their adjoining ends by short sections of 
chain spiked on to the timbers, and the two ends of the boom are 
fastened in position by a chain at either end, which is anchored 
to the stream bank. The forces which will act against this 
boom are great, as shown by the following equations, and 
the strength of the timbers, chains, spikes and anchorages must 
be dimensioned to resist the stresses. The following analysis is 
due to Prof. I. P. Church. 

Consider the conditions, as indicated in Fig. 149, which shows a 
boom with driftwood backed up behind it. The forces tending 
to move the boom downstream comprise; (a) the pressure due to 
the impact of the flowing water against the upstream surface of 
the mass, and which is proportional to the vertical projection 
of the submerged area, and (b) the force due to the friction 
of the water flowing underneath the mass and rubbing against 
its irregular under-surface. 

20 



Fia. 148.—Piers and racks show¬ 
ing stop log slots. 
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The chains must hold the entire mass against these two forces. 
The force due to impact, or Pi, is 

Pi = kFy I' = 0.972/cFF 2 (200) 

F = LD, where L = length of boom, D = depth of submersion 
in feet. 

The force due to fluid friction under all the logs, or ? 2 , is 

?2 = /-S 7 ? = 0.972/SF 2 (201) 

In these two equations, 7 = 62.5, and k and f are empirical 
coefficients, k may be taken at 3.9, while / would be, approxi¬ 
mately, 0.03. 



Fie,. 149.—Forces acting on log boom. 


S = number of square feet area of the mass of driftwood. 
The tension in each chain, or T, is 


f _ ? * + ? 2 

2 cos a 


( 202 ) 


a = angle the chain makes with the direction of stream flow. 
As an example, if the length of boom were 200 ft.; its depth of 
submersion 1 ft.; the length of the mass of drift, measured along 
the stream, (DB in the figure), 300 ft., and the velocity of stream 
flow 4 ft. per second; 

Pi + P s = 0.972 X 4 2 [(1.9 X 200 X 1) + (200 X 300 X 0.030)] 
Pi + ?s = 33,900 lb. 

If the anchor chains make an angle of 30° with the direction 
of stream flow, the stress on either chain will be 

OQ QAA 

T = = 19,573 lb., requiring a chain with links of %-in. 

4&XU.OOU 


iron. 
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Trash Racks.—Trash racks are, almost universally, made up of 
rods, or bars, spaced at varying distances apart, set at an angle 
to the vertical, and placed in front of the headgates. Wooden 
planking set with the edges turned upstream, round iron pipe 
and other forms of bars have been used, but the present-day 
standard practice has fixed on flat, rolled-steel bars, placed with 
the flat side parallel with the flow of water and spaced from 
1 to 2 in. apart in the clear, as the most satisfactory form of 
rack. The proper sizes of bars for different sizes of rack are 
given in Table 34. 

Table 34.—Trash-rack Dimensions 


Length of bars, 
ft. 

1 

Size of burs, 

i 1 

Diameter of connect- | 
ing rods, in. J 

Number of bars per 
section 

10 to 15 

! } 4 X 2 

x 

20 

15 to 20 

I v* x 2'4 

% 

15 

20 to 25 

\ X x 3 

3 A 

10 


From this table it is seen that the size of rack bar varies from 
34 by 2 to by 3 in. The table also 
shows the size of the round rods which 
pass through the bars to hold them 
together. The construction of the 
rack sections is clear from Fig. 150. 

Figs. 151 and 152 arc vertical cross-sec¬ 
tions which show the rack bars placed 
at an angle of approximately 20° to the 
vertical and supported by the lower 
ends resting in a channel beam, with 
I-beams behind the bars to prevent 
flexure due to water pressure when the 
racks become clogged with d6bris. 

It is to be noted that the connect¬ 
ing rods which bolt the individual bars 
together to form sections, do not have 
their center lines pass through the cen¬ 
ter line of the bars, but the holes for 
these rods are drilled nearer to one edge 
of the bar than to the other, so that Fki. 150.— Rack section, 
these connecting bolts, with the spacers 

which they carry on them, lie near the lower, or downstream, edge 
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of the surface of the rack, as shown in the section, Fig. 150. 
The object of this is to allow a clear space from top to bottom 
between each of the bars, so that the tooth of a rake can pass all 
the way up the rack without encountering any obstruction other 
than leaves, brush or other substances which are caught on the 
surface of the rack. 

Racks must be designed so that they may be lifted away from 
the penstock or canal opening for thorough cleaning between the 
bars at intervals. For this reason, they are seldom made in 
complete units which span from one side to the other of the 
penstock opening. It is usual to bolt every 10 or 20 bars to¬ 
gether, with spacers between them, and each set constitutes a 



Fia. 151.—Rack supported by 
I-beams held by pier walls. 



Fio. 152.—Rack supported by 
structured steel framework. 


section which may be lowered into place, either by hand, or by 
means of a special hoisting apparatus, depending on the size and 
length of the bars and the number of bars per section. In the 
table giving the number of bars per section, the basis has been 
to keep the weight of each section within the limit of easy 
handling. This should not exceed 500 lb. and, preferably, be 
kept within 350 lb. 

The I-beams placed behind the racks are designed on the as¬ 
sumption of the racks being fully clogged, and having exerted on 
them a hydrostatic pressure equal to that produced by the same 
depth of water and same width of section. The spacing apart of the 
supporting beams, and their sections, are fixed on the basis of these 
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stresses, and the spacing of the supporting beam is such that the 
rack bars are not stressed beyond safe, limiting, unitstresses. The 
possibility of a rack being entirely clogged, so that full hydro¬ 
static pressure is set up against it, exists but is remote. There¬ 
fore, the rack bars and the supporting structure should be 
designed to withstand these stresses, but not with any such factor 
of safety as would be employed if this condition of full pressure 
existed continuously. The unit stresses in the steel which may be 
adopted as safe, should range between 28,000 and 30,000 lb. per 
square inch, assuming full hydrostatic pressure acting on the rack. 

The spacers used between the bars may be either small cast¬ 
ings, or they may be cut from extra-heavy, wrought-iron pipe. 
The castings have the advantage that they can be obtained 
of exactly the dimensions wanted, but cuttings from wrought- 
iron pipe have usually a better bearing surface for the sides of 
the bars to rest against. 

The angle at which the rack bars are set is arbitrarily fixed 
by the designer. The slope which they make with the vertical 
may be more or less steep, as the engineer may decide. The 
general practice makes this slope from 15° to 20°. The object of 
having the bars slope is to enable the station attendants to 
rake them clear of any floating materials which , they screen 
from the intake. In order that this raking may be done, a 
walkway, not less than 3 ft. in width, must be provided at the 
top of the racks so that the men may easily reach the entire 
surface. Figs. 151 and 152 show racks with walkways above 
them. The racks in Fig. 151 are supported on I-beams which 
span from pier to pier, the racks being set in bays between 
piers. Fig. 152 shows a continuous rack supported by a struc¬ 
tural-steel framework. 

The bars should be placed not less than 1 in. apart in the 
clear, nor more than 2 in. A clear opening of greater width 
than 2 in. might permit the passage of floating chips or 
branches of trees heavy enough to injure the turbine if they 
should pass into the wheels. If the spacing is less than 1 in., 
the racks will be particularly subject to clogging with small 
twigs and leaves, which could easily pass through the water 
wheels without injury. The actual spacing adopted is dictated 
largely by the character of country. The bare should be wider 
apart where the stream bears a large quantity of leaves on its 
surface during certain seasons of the year, and the less the liability 
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to clogging from leaves, the less distance apart the bars should 
be, within the before mentioned limits. In certain sections of 
the United States, during the late autumn, continuous raking of 
the racks, night and day, is required to prevent stoppage of the 
water wheels due to the clogging of the racks with leaves. Inex¬ 
perienced engineers show a tendency to make the distance apart 
of rack bars very small. This leads to continual difficulties with 
clogging and the water wheels are no better protected than they 
would be if the bars were spaced a proper distance apart. Care 
must be taken, however, to prevent any opening or space around 
the rack, under the bottom or past the ends. Whenever water 
wheels have been injured by the passage of floating pieces of 
wood through them, it will be found, in practically every instance, 
that the racks were not properly placed and sealed in at the ends 
and bottom. The bars should extend not less than 1 ft. above 
the highest water level and should be not much greater than 2 ft. 
above it, because if the bars are longer than necessary the racks 
not only cost more, but are more difficult to handle and to keep 
clear by raking. Individual racks should be provided for pen¬ 
stock openings, a rack being placed in a bay between two piers 
which project upstream. This arrangement is better than that 
of one long, continuous rack for all the penstocks. The reason 
is that if any rack is injured or any section of it has to be removed 
for cleaning, the independent racks allow continuity of opera¬ 
tion of the power plant, while if there be one long continuous rack 
for all the penstocks, removing any one section would admit 
debris into any or all of the water wheels which might then be 
running. 

Loss of Head Through Racks.—When water passes through 
racks or gratings, there is a loss of head from two causes; one 
being due to the entry into the racks, the other being due to the 
sudden increase in cross-section of the water after it passes 
through the racks. 

y,2 /1 v 

The loss due to entry is — 1 J , in which 7 1 is the velocity 

through the racks at the section of smallest area, and C is a con¬ 
stant, having an average value of 0.80 for flat-bar racks and 0.98 
for racks made of round bars or pipes. The loss due to sudden 

(Fi — Fj) 1 

expansion behind the racks is -—^—— for flat-bar racks, in 

which F s is the velocity of the water after passing through the 
racks. This loss is zero for racks made of round bars or pipes. 



HEADWOmS 


311 


Therefore, the losses due to racks are: 


For flat-bar racks, h" = 


0.56 W + (F, - F»)« 

2 g 


ft. 


004Fi 2 

For round-bar racks, h» = „ — ft. 

2 g 


(203) 

(204) 


There is a further drop in head through racks due to the 
increase in the velocity of the water from the initial velocity, 
or “velocity of approach,” to the velocity Vi. The value of this 


additional drop in head is hi = 


Vi 2 - IV 
2 g 


, in which Vi = velocity 


through the racks, and F 0 = velocity of approach. 

This drop in head, however, is not a loss chargeable to the 
presence of the racks, because, even if they were not interposed 
in the path of the water, a velocity head would be abstracted from 
the potential energy of the water when it enters the penstock 

Fa 2 

or canal, which velocity head would be h = r, in which V t = 

*!) 

velocity in the penstock. The velocity given the water in passing 
through the rack assists in producing the required velocity in the 
canal or penstock, so that the head used in producing the re¬ 
quired velocity through the rack, is not a loss chargeable to the 
rack, but is part of the velocity head needed for moving the 
water through the conduit. 

Rack booms are, usually, heavy floating timbers placed end 
to end, the adjacent ends being flexibly connected together 
by short sections of chain spiked to the timbers. This con¬ 
struction makes a floating barrier to obstruct the passage of 
heavy floating objects w'hen the two ends are anchored to confine 
it to some point in the stream above the headworks. Usually, 
this rack boom is anchored across the forebay so that the latter 
is kept clear of floating materials, and light objects, such as twigs 
and leaves, are prevented from entering the forebay and clogging 
the racks. In some developments it has been found advan¬ 
tageous to make a floating structure of a heavy pair of booms, the 
parallel timbers of which are spiked together by transverse 
timbers, and a vertical wooden rack is built on this floating 
structure as a support. The bars of the outer rack are made up of 
2 by 4 in. timbers, which are nailed vertically to the floating longi¬ 
tudinal timbers. The rack-bar timbers are cut of sufficient length 
to reach at least 4 ft. below the water surface and 2 ft. above it. 
The spacing of these bars is from 3 to 3}£ in. apart, in the clear. 
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Headgates. —Hcadgates, which admit water to, or shut it off 
from, penstocks or canals, are of many kinds and types. They 
form an element of the development which is considerably more 
important than is usually supposed. The idea seems to prevail, 
even among engineers of some experience, that almost any kind 
of water gate is satisfactory as a headgate. 

The usual headgate is a sliding leaf, made of timber. It is 
arranged to be raised and lowered by a geared, hand-wheel 


mechanism, placed on the bulk¬ 
head above the headgate. The 
connection between the gate and 
the mechanism is made by means 




Fig. 153.—Headgate Fig. 154.—Wooden headgate. 

and hoist. 


of a long wooden stem, to which latter is fixed a section of 
toothed rack, into which meshes a pinion on the hoisting de¬ 
vice. The leaf, or gate, slides in grooves prepared to receive it 
or slides against the surface of the flanged end of the penstock. 
Fig. 153 shows a headgate in which the moving slide is of cast 
iron, working against a cast-iron frame set in the face of the 
dam, with which frame the penstock connects. The vertical 
stem with the toothed section at the top and the worm-geared, 
hand-operated hoisting device; are all clearly indicated. 
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Figure 154 shows a wooden headgate of heavy oak planking 
3^-in. in thickness, with a vertical stem made up of timber 6 by 
8 in. bolted to it. This gate has the individual planks connected 
together by structural-steel braces to which the planks are bolted. 
A filler gate is also attached to this headgate. 

Filler gates are small, sliding, sluice gates, placed at a con¬ 
venient point on the main gate. The filler gate is opened by 
hand, which is easily done, owing to its small area. Water passes 
through the filler gate and fills the penstock, it being prevented 
from passing on out through the penstock by the turbine gates, 
which are closed. When the penstock is full of water, the pres¬ 
sures on the upstream and downstream faces of the headgate are 
equalized, and the only force required to lift or to close the gate, 
is that due to the weight of the gate itself, and a comparatively 
small amount of friction. Obviously, if no filler gate were used, 
the total hydrostatic pressure, due to the depth of water over 
the headgate and its area, would act to press the gate against 
its guides, or the penstock flange, producing such a great amount 
of friction that the ordinary headgate hoist could not move it. 
It should be noted that the pressures on a headgate are very 
great when the penstock is empty, and it must be designed to 
withstand the hydrostatic pressure with an ample factor of 
safety, certainly not less than 5 or 6. Frequently, men. are at 
work in the water-wheel chambers, and the only protection they 
have against drowning is the ability of the headgate to resist 
the pressure acting on it. In order to fix the filler gate on the 
headgate, some of the cross-members of the latter must be cut 
in two, and the transverse flexure of these cut portions must be 
transmitted across the opening by the filler-gate frame. Hence, 
to provide uniform strength from side to side of the gate, the 
filler-gate frames must be very heavy and strong. 

Figure 155 shows the design of a filler gate. The heavy 
framework, and the bolt holes provided for fastening the ends 
of the cut timbers thereto, are clearly shown. Filler gates should 
have their sliding surfaces covered with bronze strips, so that the 
parts may not rust together and make it difficult, or impossible, 
to move them. 

In some cases, the headgate is made up of two sections, one of 
which extends from the bottom of the gate frame up to near the 
top, the other section extending from this point to the upper 
limit of the gate, the arrangement being the same as if the gate 
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small area, rises first, making an opening into the penstock, 
which is filled with water through this opening. In other words, 
it acts as a filler gate. Further motion of the gate hoist will 
then lift both the upper and lower parts, the total upward pull 
of the lower portion being taken by the rods and nuts. In 
closing the gate, the reverse operation takes place. Fig. 15G 
shows this type of gate. Though used on several developments in 
America, it has the objection 
that it is expensive and in¬ 
creases the distance of lifting 
for a given gate opening. With 
well-constructed filler gates, 
there is little or no difficulty 
in lifting them by hand and 
accomplishing the same object 
at a less cost. 

Where headgates arc made 
of metal, the sliding surfaces on 
these also should be bronze- 
lined. It is better, in every 
case, to construct headgates 
of steel or cast iron. The 
gates are usually made in one 
casting, the leaf and the sup¬ 
porting ribs being all formed 
in the mould, as indicated in 

Fig. 153. _ 

The width of a headgatc Flu 15G ._ Divided headgate. 
should not exceed 4 ft., al¬ 
though its length may be as great as desired. Some have been 
made as long as 31 ft. If a greater width than 4 ft. is required 
for any single penstock, the opening should be divided into two or 
more sections and a headgate placed over each. The reason for 
this limitation in width of the gate lies in the fact that when it 
is nearly closed, and in the position where the lower edge is just 
making contact with the lower edge of the frame, there is 
practically the full hydrostatic pressure, due to its depth and 
area, acting against it. This sets up a transverse flexure tending 
to bend the gate and cause a downstream deflection. If this 
deflection is appreciable, the lower gate edge can not seat 
against the lower edge of the gate frame, because one is slightly 
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curved while the other is 
straight, and the curved edge 
of the gate will not slide over 
the straight edge of the frame, 
but the gate edge and frame 
edge will overlap, and the gate 
can not be seated except by- 
cutting its way into the bronze 
lining of the frame. It is dif¬ 
ficult to get a reasonably 
water-tight headgate even 
under the best conditions, 
and if it is wide enough to al- 
4 j low a considerable deflection, 
| with the result of cutting of 
” the contact surface of the 

O 

3 lower edge of the frame, it 
.§ will leak badly, and the leak 
5 will increase with the number 
j? of times the gate may be 

1 raised and lowered. 

S Instead of the use of head- 

ft) 

o gate hoists, these gates are 
sometimes operated by pres- 
^ sure cylinders placed above 
the gate and fastened to the 
frame, as depicted in Fig. 157. 

2 The piston rod passes through 
the lower cylinder head and 
is fastened to the gate. By 
means of the pipe connection 
and a four-way valve, pres¬ 
sure can be admitted to either 
side of the piston, and the 
gate, thereby, made to ascend 
or descend, 

Usually, oil is used as the 
working fluid, though water 
is also sometimes employed. 
The necessary pressure is pro¬ 
duced by means of a motor- 
driven pressure pump. 
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It is to be noted that when the valve is near the point of closure 
the vertical thrust is very great, and the piston rod is in com¬ 
pression. The size of the rod must be fixed by these con¬ 
ditions, it being computed for strength as a long column. The 
maximum lifting force is generally taken at 60 per cent, of the 
total hydrostatic pressure against the face of the gate. 

Installations in which the headgates are equipped with these 
operating cylinders should have one gate arranged to be moved 
by hand. Otherwise, the condition might arise of the whole 
station being shut down and no power available to operate the 
pressure pump supplying oil or water to the lifting cylinders. 

Wherever all the gates are arranged to raise and lower with 
pressure cylinders, it is necessary to provide a hand pump by 
means of which working fluid may be pumped to lift one of the' 
gates high enough to supply power to one of the water wheels, 
from which energy can be taken to work the motor-driven pres¬ 
sure pump. 

Wherever the depth of water over the penstock is not too 
great, the best form of head gate is the Stoney roller gate, which 
has been described in the preceding chapter. The bottom edge of 
this gate, which is made of structural steel, abuts against the 
heavy timber and does not slide into a seat. The staunching 
rods at the sides of the gate, make it more nearly water-tight 
than the usual sliding headgate; also, the amount of power 
required to move these gates is so much less than that necessary 
for sliding gates that filler gates can be omitted. 

The Stoney gate does not have to be subdivided in narrow 
vertical sections of 4 ft, or less, but may be made as wide as 
desired. Its use as a headgate, however, is limited to condi¬ 
tions where the distance from the bottom of the penstock to 
maximum high-water elevation is 15 ft., or less. 

The Taintor gate, which turns about trunions, is suitable for 
a headgate where the water passes into a canal and this type of 
gate has been used for this purpose. This gate is described in 
the preceding chapter. 

Headgate Hoists.—The mechanism depicted in Fig. 153, for 
raising and lowering a headgate, is applicable to comparatively 
Bma.ll gates only. Where gates are of a considerable size, the 
mechanism must be heavier, the gearing ratio between gate 
pinion and operating handle increased, and the gate must be 
provided with two lifting stems instead of one, to better distribute 
the stresses. 
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A hoist of this latter kind is shown in Fig. 158. 

The more satisfactory type of hoist is the screw hoist, which 
is made in a number of different forms, one of which is shown in 
Fig. 159. 

This hoist is operated by rotation of the horizontally placed 
wheel on top, which is bevel-geared and meshes with a pinion on 
a horizontal shaft, the latter being operated by the hand wheel. 
The hub of the horizontally placed wheel is threaded and within 
it works a threaded vertical shaft, which forms the upper portion 
of the gate stem. Therefore rotation of this wheel screws the 
shaft up or down and, with it, the gate. In order to reduce 



Fia. 158.—Double stem, geared hoist. 


friction, the thrust of this main gear wheel is taken up against 
ball or roller bearings. 

The hoist is also provided with a back gear, by means of 
which the gearing ratio between the hand wheel and the main 
operating wheel can be greatly increased. This is to start the 
motion of the gate in opening, or to finally seat the gate in 
closing. At such times, the resistance to motion is very much 
greater than after starting the gate from its seat, or before seat¬ 
ing it in closing. This back gearing, therefore, gives the ability 
to exert a great starting or closing force, after which it may be 
thrown out of gear and the gate made to travel over the rest of 
its path at a comparatively high speed. Obviously, these hoists 
can be arranged to be driven by electric motors and frequently are. 
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Headgate hoists are sold on the basis of the ability to lift a net 
load. The distance of lifting for any hoist can be made as great 
as desired by making the rack or the threaded stem, whichever 
may be used, as long as required. The hoists should always have 
ample capacity and be strong enough to close or open a gate under 
full hydrostatic pressure against it. In case of breakage of the 
turbine gates, it is impossible to fill the penstock through the 
filler gate, and, unless the hoist has a capacity to close the head- 
gate with the full pressure against it, the resulting conditions 
may prove serious. 

The cost of hoists is too small a proportion of the total equip¬ 
ment cost to attempt mistaken economies in getting them 
too small. Their lifting capacity must not be based on a mere 



Fni. 15!).—Screw hoist with change gears. 


coefficient of friction and the resulting resistance to motion pro¬ 
duced by a given pressure, because the gate or the gate frame 
may become slightly distorted and the force required to start it 
from its seat may be considerably greater than that which might 
be, normally, expected. 

Sluice Gates.—Sluice gates differ from headgates, onlyin name, 
the term being applied to any large valve having a flat leaf which 
slides into, or out of, position to close or open. In hydraulic- 
power developments this term is usually applied to gates which 
are placed at the bottom of the dam, in order to drain the lake. 
These drain gates are an essential feature of every dam, not so 
much because they are necessary after the construction is com¬ 
pleted and the plant is in operation, but, by their use, the cost 
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of constructing the dam is considerably reduced, and, in case of 
leaks under or around the dam, it may become necessary to drain 
the lake. For lowering the lake below the level of the crest, in 
order to work on the crest gates or flash-boards, drain gates are 
indispensable. Many dams have been built with drain gates of 
such small dimensions that it would be impossible to lower the 
lake level, because the minimum stream flow exceeds the quan¬ 
tity of water which the gates can discharge. The area of the 



SIDE VIEW OF FRAME 
(Keeper Bar Removed) 
Fig. 100.—Sluice gate. 


gates should always be sufficiently great to pass the normal 
stream flow, and an additional amount of water such that within 
from 3 to 7 days the lake could be emptied. 

Sluice gates are nearly always made up of heavy cast-iron slabs, 
provided with strengthening and supporting ribs, and arranged 
to slide in a strong iron frame, the sliding surfaces being faced 
with bronze strips. Fig. 160 shows the details of design for a 
sluice gate and frame to give a clear opening 6 by 6 ft. and to 
work under a head of 65 ft. 
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The location of these gates and methods of placing in dams 
vary, as do also the means used to operate them. 

In solid dams, where the height of the dam is not too great, say 
30 ft. or under, the gate frame is set directly in the masonry of 



Fro. 161.—Section through solid dam showing sluice way, longitudinal 
tunnels and entrance shaft. 

the dam, at the upstream face, and the operating rod or stem 
carried up to the top of the dam, on which is placed a mechanism 
for raising and lowering. In this case, the gates are aet in bulk¬ 
head sections and not in spillway sections. In other instances, 



Fia. 162.—Sluice gates, inset in dam. 


the gate is placed in a tunnel running longitudinally through the 
dam, and the tunnel is reached by means of a winding stairway 
descending through a vertical shaft, which shaft is made from the 
top of the dam down to the tunnel in the bulkhead section. This 
latter method of installation is indicated in Fig. 161. 

21 
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In the ca.se of hollow reinforccd-conerete dams, it is customary 
to place each gate frame in an inset made in the face of the dam, 
the operating rod passing into the interior of the dam where the 



Fiu. 103.—Section through dam allowing interior hoist for sluice gates. 

hoisting machine is placed. Fig. 102 shows a group of four 
gates located in this manner, while Fig. 163 shows a section 
through the dam, and in it may be seen the hand-operated 



Fici. 104.—Sluice gates and operating cylinders on face of dam. 


gate hoist, which is reached from a concrete platform on the 
interior. In the Austin, Tex., dam, the gate frames were set 
directly on the face of dam and the hoisting device, which in 
this case is a piston worked in a cylinder and actuated by oil 
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pressure, was also placed on the face of the dam, the whole 
apparatus being submerged. This arrangement is shown in 
Figs. 164 and 165. 

The hoisting mechanism may comprise any one of the devices 
which have been described under the caption “Headgates,” 
provided that they be arranged to shove the gate downward 
to close it, as well as to lift it up in opening it. 

Under the depths where these gates operate, the pressures 
required to open and close are very great, and under certain 



Fio. 165.—Section through sluice way showing cylinder and sluice gate,. 
mounted on face of hollow dam. 

conditions it would be better to use some type of balanced 
valve, such as the Johnson valve, later described. Wherever 
a flat sliding valve is used, the author’s preference is for 
cylinder-operated valves, the valve and cylinder being both 
placed on the deck of the dam, without any insets being made 
in the structure. This arrangement has been criticised on the 
ground that the entire apparatus is submerged, and that it is 
impossible to reach it for inspection or repairs. The only part 
of the device which may need inspection or repairs is the sliding 
gate itself, and this is, of necessity, submerged and inaccessible, 
regardless of how it may be set, or the means used to operate it. 
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The cylinders for moving the gates of the Austin dam are of heavy 
cast iron and the pistons are of bronze. The stuffing boxes, 
through which the piston rod pass, are made tight with metallic 
packing. There are no valves or other operating parts, and, 
therefore, no possibility of any disarrangement of the device. 
Oil is supplied from a pressure pump in the power station, at 
750 lb. per square inch, and two pipe lines, one a pressure feeder, 
the other the exhaust line, run from the power house into, and 
through, the dam. The four-way valves, by which the pressure 
may be applied to either side of the piston, are located inside 
the dam, and are accessible from the runway which passes 
through it. 

The indicator, to show the operator the position of the gate, 
at any point in its travel, is made as follows: A %-in. stranded 
copper cable is attached to the upper surface of the gate, and 
carried through a 1 in. pipe fixed to the face of the dam, up to 
a point near the crest, where it passes over a 4 in. sheave wheel 
of brass, then turns down vertically into the interior of the dam, 
through a second piece of 1-in. pipe which is sealed into the con¬ 
crete, and has a stuffing box on its lower end, through which 
the cable passes. A 50-lb. weight made of concrete, is attached 
to the free end of the cable and behind this weight is placed a 
scale, the measurements on which, referred to the lower edge of 
the weight, show the distance of opening the gate. These gates 
have been opened and closed many times, and have never given 
any trouble from the date of installation. 

The Johnson Valve.—This valve consists essentially of a 
circular body forming an enlargement of the pipeline or penstock, 
and having an internal cylindrical chamber containing a sliding 
plunger. The closed end of the internal chamber and the nose 
of the plunger are of conical form. They are designed to guide 
the water smoothly as it enters and leaves the valve. 

No external source of power is required for operation. When 
the plunger is withdrawn into the internal or operating chamber, 
the valve is open and presents an unobstructed passage for the 
water. When the plunger protrudes from the operating chamber, 
it seats against a ground ring in the neck of the valve body, 
forming a water-tight joint. The standard control mechanism 
provides for only the open and closed positions of the plunger, 
but it may be specially arranged to hold the plunger at inter¬ 
mediate positions if desired. 
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Figure 166 shows the essential parts of this valve and the 
manner in which it works, while Fig. 167 shows a complete valve. 
At the rear end of the latter figure may be seen an indicator 
which shows the position of the plunger at any point in its 
movement. 




Pig. 166. —Johnson balanced valve. Longitudinal sections. 

The valve plunger is differential, and forms an annular chamber 
A within the operating cylinder, in addition to the central 
chamber B. By means of a suitable external control valve and 



Fig. 167.—Johnson valve. 


piping, either pipe-line or atmospheric pressure may be alter¬ 
nately applied to the chambers A and B. Admitting pipe-line 
pressure to A and exhausting it from B opens the valve; reversing 
the operation closes it. 



















32C HYDIiAVLIC DEVELOPMENT AND EQUIPMENT 


The valve works equally well with the water flowing through 
it in either direction, and it may be operated readily in either still 
or flowing water. There is no danger of water hammer, because 
it is impossible for the valve to close any faster than at the 
usual rate. This is adjustable and may be made as slow as 
desired. 

The external control valve is of the balanced-piston type in 
large sizes, and the ordinary four-way plug type in small sizes. 
Both types may be operated by hand or electricity. The 
control valve and its operating mechanism may be located at a 
considerable distance from the valve, if desirable. Also, the 
control mechanism may be electrically operated from a distance. 
Thus, the valves may be placed at the forebay or intake of a 
water-power plant and operated from the switchboard in the 
power house. 

The valve may lie placed in any position, horizontal, vertical 
or at any angle. 

Another application of this valve is for automatic pressure 
relief. The valve plunger is held closed by air pressure so ar¬ 
ranged that it is automatically released, permitting the valve 
plunger to open when the pipe-line pressure exceeds normal 
by some predetermined margin. The advantage of using air, 
rather than water, lies in the rapidity with which the air may* 
l>e discharged, and the consequent rapid opening of the relief 
valve. 

All standard valves may be arranged to close automatically in 
case of a break in the pipe line on either side of the valve, pro¬ 
vided the break is sufficient to reduce materially the pressure 
at one end of the valve 

The obvious objection to this valve is its high cost as com¬ 
pared with other forms of water gates. In spite of the greater 
expense of their installation, the advantages of these valves 
have induced their adoption in a number of recent developments. 



CHAPTER X 



WATER WHEELS 

There are many types of water wheels, varying from the old 
overshot to the modern improved wheel, but the two kinds 
which are used, practically, to the exclusion of all others at 
the present time, are the mixed-flow reaction turbines and the 
curved-bucket impulse wheel, generally known in the art as the 
“ Pelton ” wheel. Therefore, this discussion of water wheels will 
be limited to these two types. 

Reaction Turbine.—The essential elements of a reaction tur¬ 
bine comprise: a series of vanes set at equal intervals around 
.the circumference of a circle, which vanes are stationary and 
guide the water to the wheel, and a wheel, free to rotate and 
having around its periphery a number of vanes into which water 
is directed from the stationary, or guide, vanes. The pressure 
set up against the wheel vanes by the action of the water pro¬ 
duces a torque and causes the wheel to rotate and deliver power. 

In the original development of turbines, the relative arrange¬ 
ment of the guide vanes and the wheel vanes varied according 
to the views of designers. In some cases the guide vanes were 
placed inside the wheel and were encircled by it. The flow was 
then radial, from inside to outside, and this, therefore, is called 
an outward-flow turbine. In other instances this relationship 1 
was reversed, the guide vanes being outside and encircling the 
wheel, in which case the water would flow from the periphery 
toward the center, and this is termed an inward-flow turbine. 
A third arrangement was that of an equal diameter of the 
wheel and of the guide vanes, the guide vanes being placed 
above the wheel, so that the water flows axially, from the guide 
vanes to the wheel vanes, and this is called a parallel-flow 
turbine. 

In most of the turbines which are now being installed, the 
guide vanes are placed outside of, and around, the wheel, and the 
water enters the wheel at its periphery, flowing toward the 
center, so that the action begins as an inward-flow turbine. The 
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water, after entering the wheel, turns from a radial direction to 
one parallel with the shaft, and is discharged when flowing in 
a direction parallel to the shaft. This, therefore, is a mixed- 
flow wheel. This type of wheel is also called the “Francis” 
turbine, after its designer, J. B. Francis. 



Fig. 168.—Reaction, or “ Francis,” runners. 


Figure 168 shows wheels of this type, without the guide vanes 
and the large runners not mounted on shafts. From the pic¬ 
ture, the manner in which the water enters and is discharged is 
clear. Fig. 169 shows, diagrammatically, the arrangement of 
the guide vanes and the wheel vanes relative to each other. 



Fig. 169.—Section of turbino and gates. 


The wheel and gates must be placed in a closed chamber, 
in which the full water pressure, due to the head, exists. The 
water discharged from the wheel, passes through an opening in 
this chamber, which opening connects with the wheel casing, and 
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no water can pass from the chamber except by going through 
the wheel. 

If a draft tube is provided, the wheel may be set at any 
height above the level of the water on the downstream side of 
the dam or tail water, up to a limit of 25 or 26 ft. The draft 
tube is simply a water- and air-tight tube extending from the 
discharge opening of the turbine case down to tail water and 
carried a sufficient depth below the water surface to seal the 
bottom of the tube against entry of air. The action of this 
column of water in producing power at the water wheel is the 
same as if the wheel itself were set down at the tail-water level. 
Physically, this action may be described as similar to that of 
a syphon, the water exerting a suction proportional to the height 
of the column. The theoretical height at which a column of 
water may be maintained by air pressure, at sea level, is ap¬ 
proximately 34 ft., and this would appear to be the height above 
tail water at which a turbine might be set. For reasons which 
will later appear, this full height can never be used. Also, at ele¬ 
vations above sea level the available draft head diminishes with 
the altitude. 

In order to vary admission of water to the turbine wheel, to 
accord with variations in load on it and the power which it is 
required to deliver, there are three general methods of varying 
the area of the opening to the wheel vanes. One of ihese is by 
the use of a cylinder gate, which is simply a cylinder of thin sheet 
metal that surrounds the wheel, arranged to move in an axial 
direction. When the cylinder is moved so that it completely 
surrounds the wheel, no water can enter the vanes and the power 
is shut off. If it be moved to uncover more and more of the 
length of the vanes, the area of opening to the wheel is increased 
by the distance through which it moves, and, in this manner, the 
quantity of water delivered to the wheel, and its output, may be 
varied in accordance with the load. This gate, while simple, 
cheap and reliable, has the defect of reducing the efficiency of 
the wheel at partial loads, and it, therefore, is not used in hydro¬ 
electric developments. 

The register gate is made of a metal cylinder surrounding the 
guide vanes and having in its periphery a number of openings 
which correspond in position and length to the entrance openings 
of the guide vanes. When the openings in the cylinder correspond 
with the guide-vane openings, the full flow of water passes to the 
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wheels. If, however, the cylinder be rotated through a small 
angular distance, the holes through it will not register with the 
guide-vane openings, and the solid portions will intercept more 
and more of the entrance openings of the guide vanes, until, in 
its extreme position, the guide-vane openings are completely 
shut off from the water by the solid portions of the cylinder. 
This gate has the difficulty that it is likely to bind and is almost 
sure to do so if any grit or sand works between it and the 
periphery of the guide-vane structure, in which case it. is difficult 
to move the gate, and it, therefore, is not suitable for automatic 
governing. 

The wicket gate is the one which is now used to the practical 
exclusion of all other types. 

As a matter of fact, this is not a gate at all, but is a method 
of arranging the guide vanes so that they are movable, each 
being arranged to turn about a pair of trunnions. Movement in 
one direction will separate them further apart, while with move¬ 
ment in the other direction they are brought closer together, the 
extreme positions being the maximum width of opening in one 
direction, and in the other direction, contact between the adjacent 
vanes so that the water is completely shut off from the wheels. 

The details and arrangement of this form of gate are given 
more fully hereafter. 

General Theory.—(1) Force of Jet Against a Vane .—If a flat 
vane be pushed against the end of a nozzle, closing it, and having 
against it the pressure of the water which tends to emerge from 
the nozzle, the pressure against the vane, in pounds, will be 

P = G2.5 IIF (205) 

in which H = head in feet and F — area of nozzle, in square feet. 
This condition is shown in (a) Fig. 170, at the left. 

If the vane be allowed to move away from the nozzle a short 
distance, as shown on the right in ( b ) Fig. 170, the pressure 
exerted against the vane by the jet which issues from the nozzle 
will be 

P = 2 X 62.5 HF (206) 

or twice the hydrostatic pressure. 

If, instead of a flat vane, the jet strikes against a curved one of 
semicircular cross-section, entering at one side and departing on 
the other, as in (c) Fig. 170, the pressure against the vane will be 

P=4X 62.5 HF (207) 
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Ihe apparent doubling or quadrupling of the pressure against 
a vane when the head remains constant seems, at first, para¬ 
doxical. The explanation lies in the fact that in the cases of the 
jets striking against the vanes, the kinetic energy in the continu¬ 
ally flowing stream of water, acts on the vanes. 

The general energy equation of mechanics is 

Force = Mass X Acceleration, or 

P = MA (208) 

The acceleration of a mass which changes its velocity from Fi 
to F 2 is equal to the rate of change in velocity, or the total change 
in velocity divided by the time, T, in which the change occurs. 



Fig. 170.—Water pressures on vanes. 


If the time be taken as 1 see., 

T = 1, and A = 1' 2 — F, 

The quantity of water, Q, flowing through a nozzle in the 
unit time of 1 sec., is the velocity of efflux through the.nozzle, 
multiplied by the area of the jet, or Q = VF, F being the area 
of the jet. 

The mass is 

M = 62.5 Q = 62.5 VF 
S g~~ 

when F is in square feet and V in feet, per second. 

When water emerges from a nozzle and strikes against a flat 
vane, its velocity in the direction of the vane is totally destroyed, 
so that the change in velocity is equal to the initial velocity of the 
jet, or 

A = acc. = Vi - F, = 0 — Fi = — Vi 
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Hf»nrp 

P _ s x 62 W 

9 

The negative sign shows that the reaction of the vane is 
opposite in direction to the pressure of the jet. 

From this computation, the reason now becomes clear for the 
production of the pressure double that produced by the hydro¬ 
static pressure, when the water is allowed to flow from a nozzle 
and strike a flat, fixed vane. 

When the vane is curved, and the jet striking it is com¬ 
pletely reversed, the pressure produced by the jet against the 
vane, up to the point where the path of the water is at right 
angles to its initial direction (i.e. after travelling through 90° 
of arc and reaching the midpoint of the curve), is 

P = 2 X 02.5///'’, just as for the preceding case. 

The absolute velocity of tiie water at this point is the same 
as that with which it entered the vane, but the velocity in the 
direction of its initial path is zero. Hence, the change in ve¬ 
locity with reference to the vane is 0 — V\ = — Vi as in the 
preceding case. 

The water passes from the middle point of the arc out through 
the opposite side of the vane, leaving it with a velocity = Vi. 
Therefore, the acceleration, or change in velocity, with respect 
to the direction of pressure against the vane, is 0 — V lt Hence, 
the pressure against the vane to produce this acceleration of the 
jet must be 

P = 2 X 02.5 HF. 

That is, the reaction of the jet is equal to the pressure which it 
produces against a vane. The total pressure, or P, is the sum 
of the two pressures produced by the stream entering and 
departing. Hence, the pressure produced against a curved vane 
by a jet, when its direction is completely reversed, is 

P = 4X 62.5 HF. 

If a jet impinges on a cone, or any surface of revolution, the 
axes of the jet and of the surface lying in the same straight line, 
as shown in Fig. 171, the velocity of flow when the water leaves 
the surface is V, as shown. Its velocity in the direction of the 
axis of the jet, on leaving the surface, is V cos ft 0 being the 



WATER WHEELS 


333 


angle through which the water is deflected, or the angle between 
the axis of the jet and the path of the water on leaving the 
surface. 

The change in velocity, then, is from VtoV cos 0, and, therefore, 
A = acc. = V — V cos/3 = F(1 — cos0) (210) 

Hence, the pressure against the sur¬ 
face, in an axial direction, is 

P = 2 X 62.5#F(1 - cos 0) (211) 

From this, the previously given for¬ 
mulae may also be deduced. 

For a flat vane, 0 = 90°, cos 0 = 0, 
and P = 2 X 62.5 HF. 

For complete reversal of jet, 0 = 180° 
and cos 0 = — 1. 

Hence, P = 2 X 62.5HF (1 - (-1))= 2 X 62.5 HF X 2. 

In the previous examples of a jet striking a vane, the forces 
other than those parallel to the axis of the jet were all neu¬ 
tralized by equal and opposite forces. 

In the case shown in Fig. 172, the jet exerts both an axial 
pressure and one perpendicular to its axis. 



Fiu. 171.—Action of a jet 
on a surface of revolution. 



Fiu. 172.—Action of a jet on a curved vane. 


As in the foregoing example, the axial component of the 
pressure is P* = 2 X 62.5 HF (1 — cos 0), the angle 0 being 
indicated in the figure and representing the angle of change in 
direction of the path of the water; H = head on jet and F «■ 
area of jet, in square feet. 
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Also, the pressure perpendicular to the axis of the jet is 

P„ = 2 X 62.5 HF sin 0 (212) 

The total pressure P = \/P v 2 + /V (213) 

Substituting the values of P v and Pa and reducing, 

P = 125fl/V2(T- cos 0) (214) 

If the vane shown in Fig. 172 is moving away from the jet 
and following a path in the line of the axis of the jet, the velocity 
of the water striking the vane is reduced by an amount equal 
to the velocity of the vane itself. Obviously, if the vane moved 
faster than the water, there would be no pressure produced at all, 
nor could there be any pressure if the vane moved as fast as the 
water. 

The pressure must always be due to the velocity with which 
the jet strikes the vane, and'this is the difference between the 
velocity of the jet and that of the vane, that is, the relative 
velocity of the two. 

Also, the quantity of water which impinges on the vane is not 
equal to the quantity discharged from the nozzle. If the 
vane should move as fast as the jet velocity, or faster, none of 
the water would strike it; the amount of water discharged by 
the nozzle which will reach the vane is proportional to the 
difference in the velocities of jet and vane. The velocity of 
the water with respect to the vane being V — U, the value of 

(7 _ mi 

the head, H, in the formula P = 12 5HF, therefore, is — - 

Hence, the pressure, P, on a moving vane, is proportional to 
(F — U) 2 . Obviously, this pressure is proportional to F s 
when the vane is stationary, (U = 0). Hence, if Pi denote the’ 
pressure on a moving vane, and P the pressure when the vane 
is stationary, 

Pi :P :(F- UP :F 2 (215) 

V = velocity of the jet. 

U — velocity of the vane. 

This applies only to a single moving vane, however. 

If there is a continuous succession of vanes passing in front of 
the jet, then the whole quantity of water discharged reaches the 
vanes, and the pressure Pi, for the action of a nozzle on a series 
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of moving vanes, is related to the pressure P of a nozzle against 
a fixed vane, thus: 

(Vi - V ) : F, 


and the pressures against vanes moving axially away from the 
jet are: 


Pi = 


62.5 FVijVi-V) 

g 


for a fiat vane 


(216) 


and 


P» 


62.5PFi (Fi — V)(l — cos 0) , 

- . for a curved vane 


(217) 


Composition of Velocities,—-The foregoing discussion of mov¬ 
ing vanes included motion of the vane in the same direction as 
that of the jet only. Obviously, in this case, the velocity of the 
jet with reference to the vane—or relative velocity—is numeric¬ 
ally equal to the difference of the veloc¬ 
ities of the two, and the direction of ac¬ 
tion is in the same path as that of the jet 
and also that of the vane. 

When the direction of motion of the 
jet and the vane are not parallel, or coin¬ 
cident, hut make an angle with each other, 
there is a change in the conditions before 
set forth. 

Assume that the jet acts in the direction AO, moving at a ve¬ 
locity F, and the vane is moving in the direction AB at a velocity 
U, and that the vane travels through the distance A B while the 
jet moves through distance AO (see Fig. 173). The vane moves 
away from the jet a distance equal to AC, measured axially. 
Hence, the difference in axial velocity is AO — AC = CO. In 
the same length of time the jet has had to move at right angles 
to its axis, a distance equal to CB. The components of the rela¬ 
tive velocity are, therefore, CO and CB. The diagonal con¬ 
structed on these is BO, which represents in both direction and 
magnitude the relative velocity between the jet and the vane. 

If a = angle between the two directions of motion, and A = 
angle between the direction of the resultant velocity and that of 
the vane, then, 

F cos a = U + v cos A 



Fin. 173 —Compositions 
of velocities. 


and 


F sin a = v sin A 
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The tangential component of the velocity V, is, evidently, 

AB + BD = U + Vi cos A = Fcosa (218) 
THEORY OF THE REACTION TURBINE 

It is somewhat difficult to apply the equations for a single 
vane, moving in the path of the jet, to a series of vanes turning 
about an axis. The simpler method of analysis is as follows: 

Turning Moment on Wheel. —Conceive a series of guide vanes 
which are fixed, and through which the water discharges to vanes 
on the periphery of a rotating wheel, as indicated in Fig. 174. 
Consider one of the nozzles, or openings between the guide vanes, 



On Loft »» u " n ” Tiirnin* 

Fig. 174.—Diagram showing velocity relationships in a turbine. 


which is delivering water to the wheel at a velocity V\, in the 
direction shown by the arrow. This water strikes against a wheel 
vane which is turning in a counter-clockwise direction, the 
motion of the vane being, for the instant, in the direction of the 
line OB which is tangent to the wheel periphery at the outer end 
of the vane. This line also represents the velocity of the vane, 
or U i. The water is discharged from the wheel vane at a 
velocity V*. The velocities Vi, Ui and Fj are absolute—not 
relative or resultant velocities. 

The tangential component of Fi is Fi cos a, and the tangential 
component of Fj is Fj cos fi, a being the angle between Fi and 
the tangent at 0, and fi the angle between F s and the tangent to 
the inner circle of the wheel at J. A = angle between U% and tij. 
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The pressure set up by the water against the vane in a tan¬ 
gential direction, at entry, is: 

Pi = MVi cos a (219) 

in which M = mass of water per second through the guide 
vanes, or ilf = —- , Q being the quantity discharged against 

the vanes, in cubic feet, per second. 

In the same way, the pressure set up by the water discharged 
from the wheel vajie is 

Pi = MV 2 cos j8 (220) 

The pressure due to Fi acts through a lever arm r\ about the 
center of rotation, while the lever arm of the pressure due to Vt 
acts through the lever arm r 2 . 

Hence, the two turning moments of these forces are: 

MViTicosa, and MV 2 r 2 cos /3 (221) 

The net turning moment or the torque, T, acting on the wheel 
is the difference between the moment due to entry of the water 
to the wheel vanes and that due to the discharge of the water 
from the vanes, is 

T = M{Vifi cosa — F 2 r 2 cos 0) lb.-ft. (222) 

If the wheel turns at a velocity equal to 2jrn, or u> radians per 
second, the work done, R, is T01 ft.-lb. per second, or 

R = o> M (Fi cos ari — Vt cos /3r s ) ft.-lb. per second (223) 

But u>ri is the linear velocity of the outer rim of the wheel at 
the point of entry, and wr 2 is the linear velocity of the inner rim 
at the point of discharge. 

oir 1 = Ui and wr 2 = Ui. Then 

R - M (U1V1 cos a — UiVt cos 0) ft.-lb. per second (224) 

Substituting the value of M in the equation (224). 

R = (U1V1 cos a - UtVt cos jS) ft.-lb. (225) 

which is the total power delivered to a wheel in 1 sec. 

Since one horsepower is 550 ft.-lb. per second 

HP = ~~ (U1V1 cosor — U»Vt cosd) (226) 

23 
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Obviously, the greater the velocity of the wheel, the less will 
be the torque for a given value of entering velocity, Vi. If the 
speed of the wheel is greater than the velocity of the water, it 
is clear that the water can not impart power or turning moment 
to the wheel. In equation (222) for the value of the torque, it 
is seen that all the quantities are given in terms of the absolute 
velocities of the water entering and discharging from the wheel 
vanes. This seems, at first glance, to give a value for the torque 
that is independent of the speed of the wheel. 

Equation (222) is not, however, independent of the wheel 
speed, because the absolute value of Vi and of the angle /3 are 
both dependent on the wheel velocity. 

Referring to Fig. 174, the comparative values of V\ and F 2 , 
when the wheel is held against turning, are indicated to the right 
of the line X — X. On the left of this line are indicated the 
corresponding values when the wheel is in motion. The direction 
of discharge for a blocked wheel is, obviously, tangent to the 
curve of the vanes at the point of discharge. When the wheel is 
in motion, however, a velocity is imparted to the water within 
the wheel vanes, and its absolute velocity is changed, both in 
magnitude and direction. 

In the same manner as has before been set forth, the velocities 
of Vi and v 2 relative to the wheel are determined. If a parallelo¬ 
gram be constructed on Vi = OA as a diagonal, OB - 17j as one 
side, with the angle a between them, the line Oc will represent 
the velocity of the entering water relative to the wheel at the 
point of entry. This relative velocity is denoted by t’i. 

In order that the water may enter the turbine wheel and 
impinge against the vanes without shock, the shape of the vanes 
must be such that at the point of entry their surfaces are parallel 
to the direction of the relative velocity v\, and if the line denoting 

be drawn through the periphery of the wheel and touching the 
end of the vane, it must be tangent to the curve of the vane at 
that point. Notice that this relation obtains in Fig. 174. 

Fj must be as small as possible, because the velocity in the 
discharged water is lost energy and equivalent to a loss in 


head equal to 


1 % 


The general formula for F 2 is 


F, = 


Vi sin 9 
sin 0 


(227) 
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For the condition of best efficiency, the wheel speed is such 
that vt equals, approximately, Vi, and for this condition 


V* = 2Vi sin 


0 

2 


2Ui cos j3 


( 228 ) 


0 being the angle between the direction of the relative velocity 
vt and the tangent, or line of wheel velocity t/ a , as indicated. 

The direction of t> 2 is fixed by the condition that the water must 
emerge from the wheel in a direction tangent to the curvation of 
the vanes at the point of discharge, so that the values of 0 and 


0 

sin 0 are fixed, and Vi can be computed from the constants of the 
wheel. ■ 

Vi is then found, either analytically from formula; (227), 
(228), or graphically. Graphically, V 2 is the diagonal of a 
parallelogram constructed on lh and Vt as two adjacent sides, 
as indicated in Fig. 174. 

The velocity through the gates, or guides, is not necessarily 
equal to the spouting velocity due to the total head, but it is 
influenced by any internal pressures in the wheel. 

The velocity, actually is 


Vi = Cy/2g(II -7m) ft- per sec. (229) 


in which, hi = p/62.5, p being the internal pressure at the per¬ 
iphery of the wheel, and C a constant of discharge, usually taken 
at 0.96. The value of p differs for different wheels and, also, with 
change in condition for the same wheel. In general, Vi — 0.6 
to 0.85 of An average trial value for preliminary compu¬ 

tation is 0.7. The actual value of V x , for any turbine, can be 
approximated from formula (231). 

The effective areas of the water passages are not the actual 
areas measured normal to radii, or their widest cross-sections, 
but are those areas normal to the direction of flow of the water. 
The water from the guides, entering the wheel, has a direction 
nearly tangential to the wheel, which makes a small angle a with 
the tangent. The effective area of entry, therefore, is At, Bin a, 
in which Ao is the area of the passages taken on a cross-section 
normal to a wheel radius. In the same way, a 2 = At sin 0, 
Oj being the effective area of the wheel exit passages, and At 
their area normal to a radius from the wheel center. 
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Obviously, the quantity of water, Q, delivered to the wheel is 
the product of the absolute velocity of entry from the guide vanes, 
by the effective area of the guide vanes, or 
Q - V t ao cu. ft. per sec. 

The velocity of the water through the wheel passages is the relo- 
tive velocity of the water to that of the wheel. For instance, 

Q 

vt = , v 2 being the relative, not the absolute, velocity of the 

water. Hence, Q = V1A0 sin a = V1A1 sin A = ViA t sin 8 , and 

T , Q Q i Q 

V i = —i—, Vi = -t—.— and v% = . 

Aa sin a A i sin A’ At sin 8 

(See Fig. 174 for a, 6, A, Vi, v t and v 2 .) 

An approximate formula for the beat wheel speed is 

Vi = v d !i (230) 

V i cos a 

H, being the head on the wheel and V\ the absolute velocity 
through the guide vanes. 

Formula (228) shows that the best wheel speed should be such 


that Ui 


vi- Take Ui = —- 1 , vt = ®, Q = TVo, oo = 

T 2 (#2 


2rrji sin a, and a: = 2irr»S sin 8, which relationships have been 
established or are obvious from the conditions, 
r, and rj are radii of wheel at entry and discharge respectively. 
B = height of vanes. 

Combining the foregoing quantities and substituting in formula 
(230), _ 

Fi = J- gHa ' ri - (231) 

\ Oon cos a 

Referring to Fig. 174, which shows the parallelograms of 
velocities at entry and at discharge. 

fi = VV, 2 + Uf-YVdJiCOSa (232) 

“ d Tall ! - Ji'-i (233) 

U% — »» cos 8 v ' 


It is to be noted in equation (233) that if cos 8 =* £7j, 
tan j3 = infinity, showing that 0 = 90°. 

If Ut — v% cos 8 is negative, the angle /J is greater than 90° 
and the values involving £ as a factor become negative. 

All these quantities may be found graphically, if desired, by 
constructing the parallelograms of velocities and scaling off the 
values. 
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It is often more convenient to express the value of the power in 
terms of Vi and v», thereby avoiding the necessity of computing 
the values of F s and 0. 

In this case formula (226) becomes 

62 50 

HP- = m [U xVl cos a - Ui(U t - vi cos 0)] (234) 

Obviously, the power imparted to the wheel is zero when the 
velocity of the rim, Ui, exceeds a certain value relative to the 
spouting velocity of the water due to head, or F,. This con¬ 
dition is reached when 

TT Ui(Ut — cos 6) 

(./ 1 t r ~ ~ 

V\ COS a 

or when 

r , 1/ 2 ( 1/3 — V 2 cos 8) 

y j r» 

U 1 cos a 

The condition of high peripheral velocity of the water wheel, 
with a low spouting velocity of the water, occurs when turbine 
gates are opened suddenly, causing a drop in head on the wheel, 
but the energy stored in the rotating parts of the unit keeps the 
speed nearly constant over short intervals of time during gover¬ 
nor action. 

The wheel vanes need not receive and discharge the water in 
one plane for the foregoing equations to apply, but, as in the 
mixed-flow turbine, the water may enter radially and be dis¬ 
charged axially in a different plane from that of entry. Fig. 
175 illustrates the mixed-flow wheel and certain of the factors 
used in the formulae. 

It is to be observed that the form or curvature of the wheel 
blades do not influence the torque or power of a wheel. The 
only elements that determine these are the angles of entry 
and discharge, and their respective radii. The efficiency of the 
wheel may be greatly affected by improperly designed vanes, 
but not the power. 

In standard American wheels a varies from 10° to 40°; r lt 
from 0.75\/Fo to 2.5\Af 0 ) r 2 from 65 to 85 per cent, of r%) 9 from 
16° to 24°; pitch of wheel vanes (circumferential) = 4.5 to 12 in. 
F 0 = area of guide passages at periphery of wheel. 

Example of Use of Formulae. —From the measurements of a 
turbine, the proper speed, horsepower, quantity of water dis- 


(235) 

(236) 
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charged and efficiency under any head can be, approximately, 
computed from the foregoing formula;. 

As an example, consider a wheel having the form and dimen¬ 
sions shown in Fig. 175. The difficulty of fixing exactly the 
average distance of the point of discharge is obvious from the 
figure, and this factor, more than any other, prevents the results 
of the computations from being exact. Determine speed, power 
and quantity of water used under 1 ft. head. 

Outside diameter of wheel — 3 ft. 



B - height of vanes = 1.25 ft. 

r 0 = inner radius of guide vanes = 1.6 ft. 

ri = outer radius of wheel = 1.5 ft. 

r 2 = inner radius of wheel = 1.1 ft. 

no = number of guide vanes = 18. 

n t = number of wheel vanes = 20. 

to = thickness of guide vanes = 0.5 in. = 0.04166 ft. 

<i = thickness of wheel vanes = 0.4 in. = 0.0333 ft. 
a, from measurement, = 22°, sin a = 0.3746, cos a = 0.9272. 
do - net affective area of guide vanes is 

(2-n-ro sin a - n 0 t)B = (6.28 X 1.6 X 0.3746 - 18 X 
0.04166)1.25 = 3.767 sq. ft. 

6, by measurement, = 24°. Sin 6 = 0.4067. Cos 6 = 0.9135. 
At or area of discharge openings, by measurement = 12.4 sq. ft. 
a% = net effective area of discharge = At sin 9 = 10.5 X 
0.4067 = 4.27 sq. ft. 
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Following quantities all computed for head on wheel, H, « 1 ft. 
Vi = v elocity of water through guide vanes for best efficiency 

= . = p7i<32;2TfxlT _ „ 

Vooricoso V3.767 X 1.5 X 0. 9272 “ n -P® r 

second. 

Q, when wheel is working at highest efficiency = V,a 0 » 
5.37 X 3.707 = 20.23 cu. ft. water per second. 

u i = linear velocity of periphery at entry = 5 - gH _= 

32.2X1 , V '““* 

o = 6.467 ft. per second. 


V 2 , for best efficiency = c 2 = 


= 4.74 ft. per second. 
= 4.74 ft. per 


5.37 X 0.9272 

Q = 20.23 
a 2 4.27 

For U, = 6.467 ft. per second, U 2 = 6 ‘- 4 - 7 -* 11 

1>5 

second. These values for wheel speed check. 

tj _ 6.467 6.467 

Re\. per sec. - ^ - - Lg = 0.6865 rev. 

Rev. per min. = 0.6865 X 60 = 41.2 rev. 

Tan 0 = - Vi sin 6 _ = 474 X 0.4067 

h’ 2 -v 2 cos 6 4.74 - 4.74 X 0.9135 “ 4 ' 7, 

Hence, 0 = 78°. 

Sin 0 = 0.978. Cos 0 = 0.208. 


Vi = absolute velocity of discharge = Ws - s -5- = 

sin 0 

4.74 X 0.4067 , „ , 

6 978—~ = P er secon d. 

„ 62.5 X 20.23 , 

Horsepower = [6.467 X 5.37 X 0.9272 - 4.74 X 

1.97 X 0.208] = 0.07139(32.2 - 1.94] = 2.16 hp. 

Gross horsepower in 20.23 cu. ft. per second, under 1-ft. head = 
20.23 _ „ , 

8 . 8 ~ = 2-3 hp ’ 

2 16 

Hydraulic efficiency = 23 - = G3.9, say 94 per cent. 

$ - ratio of theoretical spouting velocity of water under 

given head, to peripheral velocity of wheel = = 80.7 ner 

8.1)25 r 

cent. 

The power could have been computed with less labor by usin g 
formula (234) which is simpler than the one used here. 
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Having the discharge, speed, and horsepower for 1-ft. head, 
the corresponding values may be quickly computed for any other 
head by a simple relationship, as is shown later. 

The hydraulic efficiency is simply theoretical, that is, the ratio 
of the work done on the wheel to the gross energy delivered to 
the wheel. 

There will be hydraulic losses due to friction of the water in 
the passages, leakage and eddy whirls in the vanes and the wheel 
chamber, which will amount to from 5 to 10 per cent., or about 
6 per cent, average, leaving the hydraulic efficiency 94 — 6 = 88 
per cent. 

The mechanical losses due to friction range from 2 to 3 per 
cent. Taking the value as 2 per cent, in this case, the mechan¬ 
ical efficiency is 98 per cent. 

Total efficiency, water to turbine shaft = 88 X 98 = 86.2 
per cent. 

Owing to uncertainties as to the radius of the point of complete 
entry of water into the vanes; the radius of complete discharge; 
friction, leakage, eddy whirl and mechanical losses, it is practi¬ 
cally impossible to predict the exact performance of a given wheel. 
If, however, a wheel of a certain design has been tested, the result 
will apply proportionately to a similar wheel of any size, as will 
be shown later. 

Unit Quantities. —The horsepower, discharge and speed of a 
wheel under a 1-ft. head are herein called the “unit" power, dis¬ 
charge and speed, respectively. There is some difference among 
authorities concerning the nomenclature of the units, however. 
Many engineers term the speed of a runner under 1-ft. head and 
reduced to such a diameter that it will give 1 hp., the “specific 
speed.” Others call it the “characteristic speed.” This latter 
name is the more logical one and is, therefore, adopted in this 
work. 

Relationship between Speed, Power, Discharge and Diameter. 

—The relationships between diameter, discharge, power and 
speed, for variation in head H on any given wheel, are as follows: 

(a) The speed varies as the square root of the head. 

(b) The discharge varies as the square root of the head. 

(c) The power varies as the head raised to the three halves 
power, or as 

For a given type of wheel under a head H: 

(d) The power and discharge vary as the square of the diameter 
of the wheel. 
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\ ,, 

( e ) The speed varies inversely &b the diameter 

(/) The diameter varies as the square root of the power. 

It is to be noted that the power varies as H H , only for the 
conditions of fixed gate opening and a variation in speed propor¬ 
tional to y/H. It is not true for a wheel operating at constant 
speed under variable head. 

The foregoing relationships are expressed algebraically, as 
follows: 

Having the horsepower, discharge, speed and diameter, under 
1-ft. head, the values at any other head are: 

P = P,H H - (237) 

Pi = horsepower at 1-ft. head = unit power. 

P = horsepower at Ii ft. head. 

Also 

S = Si v7/ (238) 

Si = speed at 1-ft. head = unit speed. 

S = speed at //-ft. head. 

If D i = diameter to give Pi hp. under 1-ft. head, diameter to give 
P hp. under 1-ft. head is 

D = Di (239) 

If Q i — discharge through runner under 1-ft. head * unit 
discharge, the discharge Q under H- ft. head will be 

Q = Qi VS 

Taking the previous example, determine the speed, discharge 
and power under 60-ft. head for the wheel which under 1-ft. 
head gives 2.16 hp., uses 20.23 cu. ft. of water per second, and 
rotates at 41.2 r.p.m. 

Speed = 41.2 \/60 = 41.2 X 7.746 = 319 r.p.m. 

Discharge = 20.23 X \A>0 = 156.7 cu. ft. sec. 

Horsepower = 2.16 X (60) w — 1003.5 hp. 

If the values, found for a 1-ft. head, were derived from a 
test of the wheel, and were the exact values, these just computed 
would represent exactly the performance of the wheel under 
the head of 6Q ft. 

Turbine Characteristics.' —“Characteristic speed” is a term 
used to designate the type of a turbine runner or wheel. It is 

1 See Discussion by Chester W. Larnek (Wellman-Seaver-Morgan Co.). 
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the speed at which the wheel would run if it were so reduced in 
size, without changing the design, as to develop 1 hp. under 
1-ft. head. In Europe, the units are 1 metric hp. and 1 meter 
head. 

Characteristic speed is a complete measure of the possible 
performance of a runner under any head, both as to power and 
speed. It is not a measure of its efficiency, but aside from that 
consideration, it is an absolute type characteristic, and, given the 
characteristic speed of a runner, it is possible to decide whether 
that type of wheel is suitable for a given set of conditions. 

Let . 


Then 


P = horsepower 
N = revolutions per minute 
H = head 

N, = characteristic speed. 


N, = 


n_Vp 


(240) 


or, more conveniently, 
N, = 


nVp_ 

II X U'' 


The fourth root of H may be found by extracting, the square root 
twice, but the numerical value of lP‘ is more difficult to deter¬ 
mine unless logarithms are used. 

The horsepower usually considered in figuring N„ is the 
maximum horsepower which the wheel can deliver at a reason¬ 
ably good efficiency, say 80 per cent., or sometimes more. For 
example, if a test runner shows 150 hp. at 300 r.p.m. under 
18-ft. head, its characteristic speed is 


N. 


300\/l50 _ 
~ 18” ~ 


If it is desired to select a runner for an installation requiring 
units with a capacity of 12,000 hp. each, under 30-ft. head, at 
63.5 r.p.m. 


N. 


63.5\/i2,000 

30'* 


99 


The characteristic speed is the same, and, therefore, it follows 
that a wheel of the same type as the test wheel is suitable for 
this installation, provided its efficiency is satisfactory. 
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It should be noted that characteristic speed is always based 
on the capacity of a single runner. If a unit has two or more 
runners, N, should be calculated from the power of one runner 
and not the total power of the unit. 

By the use of the diagram, Fig. 176, the characteristic speed 
of a runner may be determined for any given set of conditions 
without the use of the formula. 

Efficiency and Size of Wheels. —Higher efficiency of the 
turbines means more power, and hence, more income from the 
same investment. The difference between a turbine of 90 per 
cent, efficiency and one of 75 per cent, may mean the difference 
between an investment paying normal dividends and one paying 
nothing. It is not unusual, therefore, for the purchaser to offer 
a bonus for additional efficiency. 

Considered by itself, it is manifest that high efficiency is always 
desirable. It often happens, however, that efficiency must be 
subordinated, more or less, to other considerations. For ex¬ 
ample, it may be desirable to use a wheel of lower efficiency in 
order to secure higher speed, or more power at a given speed 
than would be possible with a more efficient wheel, or it may 
be necessary to sacrifice low-load efficiency in order to improve 
high-load efficiency, or vice versa. 

To determine the efficiency of a wheel and to adjust the ques¬ 
tion of character of load on a station and the wheel efficiency, 
it is necessary to refer to tests made on a wheel of exactly the 
same design—though not necessarily the same size—as that 
which is under consideration. 

As an example, consider the tests of a 23-in. wheel which are 
shown graphically in Fig. 177. 

This is a test of a very high speed runner, the term “high 
speed” being used in the sense of high characteristic speed. 
In the design of this runner, peak efficiency has been sacrificed 
Bomewhat in favor of other characteristics. The curves are 
plotted directly from the test, the speed and power being 
reduced to a basis of 1-ft. head, according to the principle that, 
for constant efficiency, the speed varies as y/H and the power 
as if M . These curves show the horsepower and efficiency of the 
wheel as abscissa and corresponding speeds as ordinates. 
Speed, however, is expressed, not in r.p.m., but in terms of (f>, 
which is the ratio between the peripheral speed of the runner 
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(based on its “rated" diameter) and the spouting velocity of 
the water due to the head. 


NtD 

* 60 V2gH X 12 


(241) 


D being the rated diameter of the runner, in inches. 

N = revolutions per minute. 

If <f> be known for one head, say Hi, the corresponding value of <t>, 
or fa, for some other head Ht is 


_Wh l 

VH t 


(242) 


One of the curves shown in Fig. 177 gives the maximum 
characteristic speed of the runner for each value of <t>. The 
characteristic speeds are calculated from the power, shown by a 
dotted curve forming an envelope of the horsepower curves. 
This curve represents the maximum power obtainable for each 
speed, and is the result which would be obtained if an infinite 
number of tests had been run, with varying gate openings up 
to the limit of full gate opening. 

It will be observed that the maximum efficiency of this wheel 
occurs at a speed for which <t> = 0.780. This value is taken from 
the dotted line which forms an envelope of the efficiency curves, 
for the reason that the actual gate openings used in the test do 
not appear to show the maximum efficiency of the wheel. This 
value <t> = 0.780 should, therefore, be regarded as the “normal” 
speed of the wheel. It is simply the speed which produces maxi¬ 
mum efficiency. It does not necessarily follow, however, that 
this wheel will always be selected to run at that exact speed under 
normal plant conditions. Some other speed may be selected, 
for special reasons, and it should be observed that any speed 
between <t> = 0.640 and 0.874 may be selected without sacrificing 
more than 2 per cent, of the peak efficiency. Other considerations 
aside, however, the normal speed of this runner is ^ = 0.780. 

Suppose it is desired to consider the application of this runner 
to a plant in which single-runner wheels having a capacity of 
15,000 hp. each under normal head of 50 ft. are to be installed and 
that the head is, at times, reduced to 30 ft. by flood conditions. 
In the latter case water is plentiful, and the main consideration 
is power, regardless of efficiency. It is desired to determine 
whether this runner is applicable to these conditions, and, if 
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so, the required diameter and the speed at which it should run. 

There are two fixed conditions desirable to fulfill: 

(a) The wheel should develop its maximum efficiency at 50-ft. 
head. The test shows that in order to do this <t> must be about 
0.780. 

( b) The characteristic speed of the wheel should be a maximum 
at 30-ft. head. The test shows that in order to accomplish this 
it must run at a speed such that <j> = 1.100. 

It now remains to be seen how nearly this particular wheel 
will satisfy both conditions. 

If 4> = 0.780 at 50 ft., then it follows that at 30 ft. 


4> X 0.780 X 


V50 

\/30 


1.007 


This value is not as high as it should be to satisfy (6), but the 
characteristic speed, which has a maximum value of 130.5 for 4> = 
1.100, drops to only 129 when ?> = 1.007. In order to satisfy (6) 
it would be necessary to increase <t>, at 50 ft., to 


0.78 0 X 1.100 
1.007 


0.852 


which would entail a loss of about 1.5 per cent, efficiency under 
normal operating conditions. It would seem better to make a 
slight sacrifice of power under extreme flood conditions, and 
let 4> = 0.780, at 50 ft. 


therefore, 


Now ’ * ~ mv*,w 

_ 720V2g// X <t> 
■kD 


(241 a) 


The maximum unit power shown by the test at <t> == 0.780, is 
2.22 hp., and, therefore, at 50 feet head, its power would be, from 
equation 237, 

Hp = 2.22 X 50* = 784.77 hp. 

The diameter of the test wheel is 23 in., so that the diameter 
of a similar wheel to give 15,000 hp. under 50 ft. head, would 
be, from equation 239, 

T5.000 
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Values of i> 



Maximum Characteristic Speed Brake Hone Fewer 
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Also, from equation 241a, the speed of the large wheel is 

N _ 720 xV2 gX 50 X 0-780 = Q1 
" 7r X 100.3 


Since at 30-ft. head, ^ = 1.007 and the horsepower curve, Fig. 
177, shows a maximum value of 2.37 hp. for the 23 in. wheel at 
this speed, then the power of the 100.3 in. wheel at 30 ft., will be 


2.37 X (30)« X (100.3) 2 
~ (23) 2 


7440 hp. 


Figure 178 shows the power-efficiency curves for the heads of 
50 ft. and 30 ft. and an additional curve for 60 ft., assuming this 
to be the maximum head. 

The foregoing analysis serves to illustrate the method of using 
Holyoke, or other standard, tests. The best speed of the wheel 
is shown to be 101 r.p.m., and, even though it might be advisable 



to sacrifice efficiency somewhat in order to increase the speed, 
it can not be done to any material extent without considerably 
reducing the output under 30-ft. head, and the power at this head 
will, in all probability, be the limiting condition. 

If, however, the minimum head were only slightly lower than 
the normal, the problem might be changed. The peak efficiency 
drops to 80 per cent, at $ = 0.978, and if it were permissible to 
have the efficiency that low, the speed might be increased to 

N = —= 126.6 r.p.m. The curve for this speed is 
U.7oU 

shown by broken lines in Fig. 178. 

Thus far, only peak efficiency has been considered. Naturally, 
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however, the shape of the efficiency curve must be carefully 
studied in relation to the load characteristics of the plant. If 
it is dependent on storage, and the load fluctuates, the efficiency 
at low heads may be of importance. If the number of units is 
small, part-load efficiency would be necessary; but if the number 
of units is sufficient to permit enough adjustment, the turbines 
may be kept loaded close to their point of maximum efficiency, 
even under small plant loads, and part-load efficiency would 
become, relatively, unimportant. Again, if the load is constant, 
low-gate efficiency may be of small moment, regardless of the 
number of units in the plant. Sometimes it is advisable to 
have maximum efficiency occur at practically full load. It 
depends entirely on whether, or not, plant conditions are such 



Percentage of Full Load 


Fig. 179.—Efficiency curves of turbine. 

that the turbines can be operated most of the time at, or near, 
full load. 

Figure 179 shows two curves illustrating the application of 
the same type of runner to the same plant. Curve (A) shows the 
wheel adapted in the usual way, with maximum efficiency occur¬ 
ring at about 0.8 load. Curve (B) shows the same runner applied 
with maximum efficiency occurring at about 0.95 load. The only 
difference is that ( B) is a larger runner, and the gate stroke is 
blocked to cut off the drooping end of the efficiency curve. If 
the gates are opened wide, the rest of the curve would be as 
shown by the dotted line. It is quite apparent that, from 0.90 
to 1.00 load, (B) is superior to (A). 

The influence of characteristic speed on efficiency may be 
observed by a comparison of the various tests illustrated. In 

23 
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general, an increase of characteristic speed moves the point of 
maximum efficiency closer to full load, and reduces the efficiency 
at low loads. If it is forced to the extreme, the result is lower 
peak efficiency also. 

Much has been said and written about the selection of a 
water wheel so that it will have its maximum efficiency when 
operated at some predetermined load. All of these statements 
and writings would have some value, outside of being mere 
academic exercises, if a pre-determination of load were possible. 
No engineer can, with any surety, predict the magnitude or char¬ 
acter of the load that will exist on any power station within 3 
years after it begins operation. Every hydro-electric develop¬ 
ment is, in a measure, a public service utility, and the first rule 
in designing is to provide for continuity of service. Con¬ 
sequently, the first factor to fix for a water wheel is that it shall 
have power enough to carry any load which may be imposed 
on it by the generator which it drives. The power of the wheel, 
at full gate opening, under normal head, should be equal to the 
maximum overload capacity of the generator, when operated at 
this capacity for a half hour. The normal and most efficient 
point of operation of the water wheel should range between 
the normal full load and 80 per cent, of normal full load of the 
generator. The efficiency, when delivering any greater amount 
of power than that required by the normal full load of the 
generator, is not worth considering, as loads in excess of this will 
occur but seldom. It, however, will surely happen that this excess 
power will be needed occasionally, and without it the service 
and the consumers connected with the company’s plant, will 
suffer. 

The efficiency curve should be as flat as possible consistent 
with fulfilling the.se first two conditions. A wheel having a 
peaked curve, giving an abnormally high efficiency over a short 
range of load, can seldom be worked to advantage in a hydro¬ 
electric power station. It is impossible to get operators to 
start or stop units with load variations and in such a manner as 
to work always at the most efficient point on the curve and, in 
practice, the water wheel best adapted to any plant is one which 
will surely carry the maximum load, which has its best efficiency 
between 80 and 100 per cent, of normal generator capacity and 
having an efficiency curve as fiat as can be obtained from this 
wheel. 
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Manufacturers Ratings. —It has become customary to list 
the wheels offered by manufacturers under classifications of 
characteristic speeds and values of <j> (ratio of spouting velocity 
to peripheral velocity at entry), and under each type are given 
the unit speed, power and discharge for each size of wheel. 
From these data the performance of any wheel, under any set of 
conditions, can be computed. 

The efficiencies can be determined only by test, as has been 
previously explained. Hence, in order to make the data com¬ 
plete, the tables must be accompanied by efficiency curves— 
either a curve for each type of wheel, or one showing the ef¬ 
ficiency of one type, with curves of comparative efficiencies of 
all of the types. 

Table 35 gives unit power, speed and discharge of wheels 
built by one of the prominent American makers. 

Wheel Setting 

The runners are set in a number of different ways, and one 
of the controlling factors in water-wheel installations is the 



manner in which the wheels are set within surrounding cases or 
chambers. 

The movable guide vanes are placed in a ring surrounding the 
wheel, and each of them is connected to a shifting ringthrough 
links as shown in Fig. 180. Obviously, movement of the con- 




Table 35.—Victor Wheel, Piatt iron Work, Co. 
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necting rod Will cause the shifting ring (only a part of which is 
sl\own) to rotate and thereby change the angular position of each 
of- the vanes, which is connected with it. Movement of the 
connecting rod toward the right will increase the area of opening 
between the gates, while if the rod be moved toward the left, 
the gates will approach nearer to each other until the extreme 
limit of contact between adjacent gates is reached, which entirely 
closes all the water passages to the wheel. 

Fig. 181 shows a section through a wheel with a name given 
to each part shown in the section. 1 While the details of con¬ 
struction vary among the different builders, this is a good ex¬ 
ample of American turbine practice and the generally accepted 
nomenclature for the individual parts. 

By the term “wheel” is meant the stationary guide vanes with 
supporting crown and curb plates, as well as the wheel itself, 
unless some specific statement to the contrary is made. 

The diagrams in Fig. 182 and numbered A to F inclusive, and 
some succeeding figures, are indicative of some of the general types 
of settings. A is the simple, so-called, “vertical” wheel. In 
reality, the wheel is set horizontally while its shaft is vertical. 
It is customary to refer to the direction of setting as fixed by 
the shaft instead of by the position of the wheel. Therefore, 
under the accepted practice, this horizontal wheel is termed a 
“vertical” wheel. As shown, the wheel rests on the bottom of 
an open pit and water enters it around its whole circumference, 
passing through the guide vanes to the wheel, through the wheel 
and the central discharge opening into the vertical draft tube, 
through which it passes down to tail water. A setting in an 
open pit, in which the water level is the same as that of the 
source of supply, is called an "open penstock,” or open wheel- 
pit,” setting. 

A somewhat similar setting is shown in B, except that the 
turbine is set horizontally, and the discharge water has to make 
a right angle turn through a large 90° elbow in order to pass 
down to tail water. In water-wheel parlance, these elbows are 
usually designated as “quarter turns.” The left-hand end of the 
shaft, which passes through the wall of the penstock, is, of course, 
provided with a stuffing box, while another stuffing box is 
fastened to the right-hand side of the quarter turn, so that the 

1 Hydraulic Turbine Corporation. 
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Step Bearing not shown 





WATER WHEELS 359 

shaft may also pass out through it and reach the external bear¬ 
ing, which is likewise supported by the quarter turn. 

C shows the setting of a pair of turbines, horizontally, in an 
open penstock. The discharge from these two wheels moves 
through a specially shaped chamber toward a point of common 
efflux, the area of the discharge pipes and chambers being prop¬ 
erly proportioned to carry the quantities of water which pass 
through them. The chamber which receives the discharge from 
the two turbines and to which the draft tube is connected is 
called a “draft chest.” The method of supporting the shaft in 
bearings, mounted on heavy floor stands, is shown. Wherever 
the size of the wheels is such that a large draft chest is required, 
which necessitates separating them a considerable distance apart, 
say 18 ft. or more, it is customary to place a middle bearing in 
the draft chest to prevent vibration of the shaft. 

D shows an arrangement of four wheels on a single shaft in 
an open penstock setting. The adoption of more than one 
wheel on a shaft is for the purpose of obtaining a given amount 
of power at a higher speed than a single wheel can produce. 
The arrangement shown in D is simply a duplication of that 
shown in C, four wheels being on a common shaft. 

In E is shown another arrangement of open penstock setting, 
which is similar to that in C, except that the wheels are set 
vertically instead of horizontally. 

Open penstock settings are not suitable nor economical for 
installations where the head of water exceeds 30 ft., except 
under special conditions which may at times justify this method 
of installation. Where the head is greater than 30 ft., it is 
customary to enclose the wheels in a pressure chamber of steel' 
or concrete. A setting of this kind is shown in F. This arrange¬ 
ment is similar to that shown in C, except that the wheel and 
draft chest are enclosed in a steel casing. The conical-shaped 
cover at the end of the wheel, on the right, is to diffuse the 
entering water and cause it to pass into the chamber and around 
the guide vanes without eddy swirls which would be formed if 
the incoming water should impinge directly on a flat surface at 
right angles to its direction of flow. 

Figure 185 shows a setting in which the water enters through 
the middle of the casing from above, passes through the wheels 
and out through the draft tube, which latter also passes out 
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Fig. 183.—Concrete turbine case. 
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through the middle of the casing and on the opposite side from 
the entry opening. 

The arrangement shown in Fig. 185 will operate just as 
satisfactorily when set vertically as when horizontally placed. 
Also, the vertical double wheel shown in E, Fig. 182, is adapted 
to setting in a pressure chamber, as well as in an open penstock. 
The pressure chambers for settings of units such as shown in E 
and F, and in Fig. 185, are usually made up of steel plates, al¬ 
though, in one or two instances, a chamber for this character of 
setting has been made of re-enforced concrete, notably in the case 
of the power installation at Austin, Tex., where vertical units 
of 3000 hp., and similar to that one indicated in Fig. E, were so 
installed. 

The details of the design of this setting are shown in Fig. 
183. 



Fiu. 184.— Spiral turbine 
case. 


It has been found that the efficiency of water wheels is highest 
when set in spiral-shaped cases; that is, 
cases so shaped that the water enters 
the chamber tangentially and flows 
around the wheel, as indicated in Fig. 
184. As the water enters, a portion of 
it passes into the first guide vanes it en¬ 
counters, so that the amount of water 
moving on to the next point in its travel 
is diminished, becoming less and less as 
it circles around the wheel. The radius 
of the case and, consequently, the cross- 
section of the moving water, is diminished in exact proportion 
to the diminution in the amount of water flowing at each point 
in its path of travel. In other words, the pressure produced 
by the water in the case is constant at every point in its travel 
around the guide vanes, or “speed ring.” 

One of the main advantages of this setting is that the initial 
velocity of the water entering the case is transformed into 
energy, while with other forms of setting but little, if any, of this 
energy is recovered. Spiral cases are made both of iron and 
concrete and, practically, every large water wheel in an im¬ 
portant installation is now set in this type of chamber. 

Figure 186 shows a cross-section through a single wheel 
set vertically in a concrete spiral case, the draft tube being a 
continuation of the concrete chamber and monolithic with it. 
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The difference in area of the water passage on the two sides of 
the wheel is clearly indicated. 

Figure 187 is a vertical wheel also set in a spiral, or scroll, case 
made of cast iron. Both of these last two settings are for single 
discharge wheels. 



Fig. 187. m - 

Figs. 185 to 188.—Types of turbine cases. 


Obviously, either setting is just as well adapted to horizontal 
as to vertical turbines. Fig. 188 shows a horizontal wheel 
in cast-iron scroll setting with the discharge through a quarter 
turn down to the draft tube. 

A pair of wheels like the single one shown in Fig. 188, may be 
coupled together in a single shaft, each having its scroll case 
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around it. The two wheels discharge into a draft chest, the 
water from them passing out through a common draft tube. 
This arrangement is shown, in section, in Fig. 189. 




One of the best forms of setting is shown in Fig. 190, which 
depicts a scroll case surrounding a double wheel. The runner 
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for this form of water wheel is shown in Fig. 191 and, as 
may be seen, it consists of a single wheel, approximately twice as 
long as the ordinary single wheel, and it is divided through its 
middle by a disk perpendicular to the axis, making it, in effect, 
two separate wheels. Water enters the periphery and dis¬ 
charges at both ends so that two draft tubes are needed, as 
indicated in the sectional drawing. Wheels of this design are 
called "double discharge” runners. Pictures of a pair of wheels 
and of a double discharge wheel, both in cast-iron scroll cases, 
are shown in Figs. 192 and 193, respectively. 

Wherever water wheels arc of a considerable size, and the head 
does not exceed 65 ft., they are, invariably, set vertically in con¬ 
crete chambers, and the entrance opening is divided into two 
or more sections to prevent the formation of transverse eddies. 



Fiu. 191.—Double Victor-Francis runner. 


A section of a chamber of this kind is shown in Figs. 201, 204 and 
205. It should be observed that the chamber is finally con¬ 
tracted in cross-section until there is no space for the water to 
pass further, circumferentially, around the wheel, so that the 
even flow of incoming water is not disturbed by any circular 
motion derived from small quantities of water circulating around 
the wheel case and past the point of entry. Iron scroll cases are 
used for heads above 70 ft. The design of concrete turbine 
cases is discussed in detail elsewhere in this chapter.. 

A special form of turbine casing, such, as indicated in Figs. 194 
and 195, has recently been brought into use and is giving excellent 
results. 1 This is the so-called "cone flume” wheel, which com- 


1 Platt Iron Work*. 
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Fia. Pair of turbines in iron scroll cases. 

(Wellman Reaver Morgan Co.) 



Fia. 193.—Double discharge runner turbine in iron soroli case. 

(Wellman Beaver Morgan Co.) 
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prises a single runner set in a cone-shaped case, having at every 
point a cylindrical cross-section, but the diameter of the case in¬ 
creases from the intake opening at one end, to the maximum diam- 



p I( , 194,—Section through cone-flume turbine. 



eter which is reached just before the water enters the K uld ^ a ^’ 
The interior cone, placed with its apex toward the entry opening 
and forming the end covering of the wheel, is fastened to the 
crown plate, and by this arrangement the water is gradually 
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changed from an axial to a diverging direction without shock or 
eddy swirls. 

The area of the sec.tion through which the water passes in 
this cone chamber is constant, as is, of course, the velocity 
of flow until the water actually enters the guide vanes. Tests 
indicate that efficiencies obtainable with this character of 
setting are practically equal to those for scroll-case enclosed 
wheels. This arrangement is principally adapted for high 
heads, that is, 100 ft. and greater. 

Details of Turbine Design 

Runners.—Runners may be cast as a single piece, the vanes, 
hubs and rims being of one single casting, or they may be built 
up by making the vanes of steel plates pressed into form, 
placed in a mould and the hubs and rims then cast around them, 
so that a composite structure'results. Theoretically, the latter 
form is more nearly true to design, the buckets are smoother and 
the efficiency higher than for the solid cast runner. In practice, 
however, it is found just as difficult to set the vanes in the 
mould with exactness as it is to place the cores in the mould 
for the solid cast wheel, and there is no real difference in the 
results obtained between the composite and the solid wheels. 
The composite wheel has the disadvantage that some of the 
vanes may not weld perfectly with the cast metal which is poured 
around them, in which case the wheel is defective, and the 
defect docs not usually show itself until after the wheel has 
been in service. American manufacturers have adopted, almost 
exclusively, the solid cast wheel as standard. For high heads 
the solid wheel is sometimes made of cast steel and occasionally 
of bronze. Bronze runners are too expensive, however, for 
general service and are seldom used. Their single advantage 
consists in the fact that they are not easily corroded. Water wheels 
which are subject to working at part gate, have the vanes corroded 
in the course of time by an alternate action of air and water 
on their rear surfaces. At part gate, the spaces between the 
runners may not be solidly filled with water and any air entrained 
in the water accumulates at the point of least pressure, which is 
the rear surface of the vanes. This air oxidizes the vanes at 
these points of air contact. Later, when the buckets are com¬ 
pletely filled and under considerable pressure, the oxidized 
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metal will be washed off clean, leaving a fresh, bright surface for 
the next accumulation of air to attack. This action causes 
pitting and erosion which will, eventually, eat through the vanes. 

The total torque of the wheel is transmitted through the hub 
and this, therefore, must be of ample dimensions to resist the 
stresses which may be imposed on it. The vanes should be 
made as thin as is consistent with reasonable strength. When 
the wheels are first installed, and in the preliminary stages of 
operation, before the site has been cleared of the debris around 
the power station, small pieces of timber, planking, blocks and 
materials of like character are liable, at one time or another, 
to get into the intake in the forebay and be carried into the wheel. 



hey will pass through the guide chutes, and the runne ™ 
rike against these projecting pieces, in which case something 
ust give way. The guide vanes are removable, and it is much 
Sr that a few of these should fail than for one of the runner 
tickets to break and, therefore, the runner vanes should always 

s much stronger than the guide vanes. . i itv 

Gate Riggins —The form of gates, which are, in reality, 

lowdole guide vanes, varies considerably with M««t 
irtnrers One form is shown in Figs. 196 and 1® • . 

ate, or vane, consists essentially of a thin cast plate whic is 
urved in one direction, namely, when viewed from either df the 
nds which work between the crown and the curb plates. Th 


24 
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vanes are provided with projecting Jugs at the top and bottom, 
which are drilled to receive fulcrum bolts, about which the 
gates may turn within the limits of their motion. Another lug 
on one end of the vane, is provided to receive a stud which moves 
the vane. Fig. 196 shows one of the guide vanes, the side and 
front elevation, and top and bottom views being given, while 
Fig. 197 shows a section through a vane in place in the wheel 
housing. Lugs AA receive the fulcrum bolt, while in the lug 
B the gate pin is placed. Movement of the gate pin results in a 
corresponding movement of the vane around the fulcrum bolt. 

This type of gate is operated by a link outside the crown plate, 
all the links connecting with a small disk which surrounds a 
central neck on the cover plate. The gate pin passes from lug 
B through the crown plate and is there attached to a stub which 
forms the end of the gate link. A slot is formed in the crown 
plate through which the gate pin passes, the length of the slot 
representing the length of travel of the pin between complete 
opening, and complete closing, of the gates. The stub end has a 
thin, flat portion which rests on the crown plate, and its dimen¬ 
sions are such that the slot is completely covered in any position 
of the link and gate pin. The disk, which has the same function 
as the ordinary shifting ring, is operated through its small 
angular motion in one direction or the other, by means of an 
arm which projects out toward the periphery of the wheel, and 
at the outer end of which is a segmental section of toothed rack. 
The gate shaft is provided with a pinion which cooperates with 
this rack section and, therefore, movement of the gate shaft 
results in movement of the gates through the intermediary 
means of rack, disk, gate links and pins. This general arrange¬ 
ment is indicated in Fig. 198. Obviously, this gate rigging 
with the slots through the crown plate is not water-tight and,' 
therefore, cannot be placed outside the water-wheel chamber. 

Another of the different forms of gate is shown in Fig. 181, 
where the relations of the moving parts are more clearly indicated. 
In this case the gate is undercut on its lower and outer edge, and 
the link rests against the shift ring and lies underneath the end 
of the gate vane, the dimension of a link being such that it 
will just fill the space left by undercutting the vane. Motion 
is communicated to the gate links by means of a shifting ring. 
For large turbines, the shifting ring is of considerable diameter, 
and the links are short, as shown in Fig. 180. When the shifting 
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ring is rotated through a small angle, it moves each of the links, 
and, thereby, causes an exactly equal motion of all of'the gate 
vanes. The governor or regulating connection is attached to 
the shifting ring, as shown in Fig. 180. In this latter figure is 
shown a type of gate in which the vane has a thickness greater 
than the diameter of the fulcrum bolt, and the latter passes 
directly through the vane itself. The vane is either keyed 
to the fulcrum bolt, or has a portion of the hole through it 
made square, and a corresponding portion of the fulcrum bolt 
is also of square section, fitting into the square hole. Hence, 



Fw. 198.—Water wheel showing gate riggmg. 


movement of the fulcrum bolt will cause a corresponding move¬ 
ment of the vane. , 4 

A short link, called a gate arm, is attached to the fulcrum bolt, 

either by keying, or by a square hole which fits on a square 
shoulder of the bolt, so that movement of the gate arm wU 
cause rotation of the bolt and vane. To the gate arm is attached 
the gate link while the other end of the gate link is connected 
with the shifting ring. This construction is generally used for 
iron-encased water wheels having only one runner ini a^ casing. 
The operating parts are all on the outside of the casing, and, 
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in some of the pictures of water wheels which appear elsewhere, 
the parts of this rigging are shown. 

In some cases, the fulcrum bolts take the form of trunions or 
extensions at the ends of the gates which are either cast or forged 
integral with the gate itself. Such construction is to be avoided, 
as the entire wheel must be dismantled in order to replace a single 
gate, which, sooner or later, inevitably becomes necessary in any 
installation. 

The ability to put all of the working parts of the gates outside 
the casing, where they are open for inspection and can be readily 
adjusted when subject to deterioration by reason of sand or silt 
which may be entrained with the water, is one of the chief 
advantages of using single wheels in iron or concrete casings. 
In every instance, a water wheel should be arranged so that 
any individual vane may be removed without having to dis¬ 
mantle any part, or doing any work other than removing the 
fulcrum bolt and disconnecting the gate ring. It is also especially 
desirable that the crown and curb plates of a wheel be held to¬ 
gether by bolts other than the fulcrum bolts, and not depend 
on these to keep the parts of the wheel housing together. 

Holes in the housing through which the gate pins and the 
fulcrum bolts pass should, in every instance, be bushed with 
bronze. Where the construction is as shown in Fig. 180, and 
the fulcrum bolts pass through stuffing boxes in the side of the 
wheel easing, either the bolts should be of bronze, or the interior 
of the stuffing boxes should be lined with this material. In no 
case should surfaces, operating one inside or against the other 
and subject to the action of water, be both of iron. One surface 
must always be of bronze, or some equivalent material which 
resists oxidization. 

The end surfaces of the gates should be machined so that they 
may move freely between the crown and curb plates and, at the 
same time, prevent the leakage of water past the ends; also, the 
lines of contact where the inner end of one gate touches against 
the surface of the next adjacent one, when the gates are fully 
closed, should be machined and fitted so that leakage through the 
gates, when closed, is reduced as far as practicable. 

It is not commercially possible to make wicket gates so that 
they are absolutely water-tight when closed, and in some ex¬ 
cellent turbines, where the efficiencies of the wheels are high, 
the leakage through the gates has been found to lie consider- 
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able. Under certain conditions, this will reduce the hydraulic 
efficiency of an entire plant. If three water wheels are required 
to carry the maximum load, and only one of them is in use 12 
hr. a day, the total efficiency of the plant during this 12 hr. of 
light load, being fixed by the total flow of water through the 
penstocks, will be low if the leakage through the other two 
wheels is appreciable, even if the efficiency of the operating 
wheel is high. 

Another difficulty arises in stopping maeliinery in the power 
house, where the gate leakage is greater than a reasonable 
amount. When the load is thrown off the generator, there is only 
the friction of the then rotating parts to overcome in order to 
keep it going, and in the case of vertical units with roller or ball 
thrust bearings the energy required to maintain the unit at its 
full speed is extremely small, so that a slight leakage, only, past 
the gates, is necessary to keep the machinery moving. In many 
instances it will be found that the leakage is almost entirely 
due to'opcnings between only two or three gates. Of the whole 
number, nearly all of them may close completely, leaving two 
or three the ends of which do not quite touch the surfaces of 
the adjacent vanes. Also, if one or two of the vanes are longer or 
thicker than the others, the limit of motion of the shifting ring 
will be reached before the other gates have quite made contact. 
The author believes that there should be some method of ad¬ 
justing the individual gates when the machine is set, although 
no sufficiently simple construction has yet been devised for this 
purpose. 

In drawing specifications for turbines, the limiting value 
of gate leakage should be specified. No rule can be given for 
this because the amount of leakage which would be admissible 
with one form of turbine and one character of setting could not 
be allowed in certain others, and the fixing of this factor muBt 
always be a matter of discussion between the engineer and the 
constructor of the wheels. Another point in connection with 
the gates, is the question of the action of water thrust against 
them. They should always be so designed that water flowing 
through them sets up an unbalanced moment around the ful¬ 
crum bolt, tending to close them. This moment must be great 
enough to actually close the gates, if the movement is not resisted. 
It should, however, not much exceed the moment necessary to 
move them to a shut position, as otherwise, too great a force 
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must be applied by the governor to move them to an open 
position, which means that the size and cost of the governor 
will have to be increased. 

The object of this arrangement is that in case of accident 
to the governor the wheel will not tend to run away, or overspeed, 
but will automatically shut down. Also, the gates must be 
easy to move and the machine work on them must be of a 
high order of workmanship, so that the leakage is small and the 
gates may be easily moved. Under proper conditions of fly¬ 
wheel effect for the moving parts and methods of compensat¬ 
ing for variation in penstock pressure, the degree of regulation 
which may be attained with a governor of a given size is almost 
directly proportional to the ease with which the gates may be 
moved. 

The gates should be of cast iron. The author is well aware 
that cast or forged steel is recommended by most water-wheel 
designers, the idea being that the strength of the vanes should 
be great enough to resist fracture whenever ice, stones, wooden 
blocks or other rubbish gets in between them while they are 
closing. If these vanes are strong enough to resist such stresses 
without breaking, a block or timber which might pass be¬ 
tween them and into the runner would break the runner 
buckets, and it is far better to break an occasional guide 
vane, which may be replaced within a few hours at a nominal 
cost, than to ruin an entire runner, which would be the result of 
breaking any of its buckets. The guide vanes should be pro¬ 
tected against breaking in case of any obstruction lodging be¬ 
tween them, by making cither the links, or the link pins, weak 
enough to break before the vane does, but, in any event, the 
gate vanes should break before the runner vanes do. 

Bearings.—There are two kinds of bearings, namely, the 
standard shaft bearings and thrust bearings. When the 
wheel is vertical, the shaft bearings simply keep the runner 
and its shaft central with the surrounding guide vanes and 
casing, the weight of the rotating parts being carried on a 
thrust bearing, which is usually placed above the top of the 
generator and supports not only the shaft and runners, but also 
the weight of the generator rotor. 

In horizontal units, the shaft bearings hold the rotating parts 
centrally and, also, support them. Hence, in the case of a hori¬ 
zontal unit, the provision for taking up wear and replacing worn 
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parts of the bearings must be more complete and elaborate 
than for the shaft bearings in vertical units. 

Shaft bearings are mainly of two kinds, namely, babbitted 
bearings, arranged for oil lubrication, and bearings made of 
lignum-vitse, which latter are generally used for all bearings 
that are submerged. Water circulation over the lignum-vit» 
bearings is generally sufficient, although grease is sometimes 
used for additional lubrication. Recently, babbitted bearings 
have been used where submerged, and lubricated by oil fed to 
them under pressure, slightly exceeding that of the hydrostatic 
pressure of the water. With this arrangement there is always 
a slight, continuous passage of oil out of the bearings into the 
surrounding water. This prevents the entrance of grit or silt 
to the bearings, which would ruin them. Lignum-vit® can con¬ 
tinue to work after a considerable amount of abrasion, and for 
this reason, has been generally adopted for journals under water. 

Horizontal bearings of either type are self-aligning and ad¬ 
justable both in height and horizontal position. Babitted 
bearings, if accessible, arc ring-oiling; otherwise they are 
lubricated by forced feed. All large, lubricated bearings are 
water-cooled. This feature is not usually required in ordinary 
operation, but is valuable in case of emergency. Lignum-vitse 
bearings may be equipped with force-feed grease lubrication, if 
desired. Horizontal lignum-vitse bearings are not recom¬ 
mended if it is practicable to use babbitted bearings. They 
are not safe, unless frequently and systematically inspected. 

Vertical babitted bearings are ordinarily lubricated by gravity 
oil feed. Oil is supplied from a reservoir situated above the 
turbine, to which it is returned by a pump after draining from 
the bearings. This type of bearing is best adapted for positions 
intermediate between the turbine and generator, if any are 
required. Vertical units of customary design, however, require 
no intermediate bearings. Unless the shaft is exceptionally 
long, the only guide bearings needed are one on top of the 
generator and one on top of the crown plate of the turbine. 

The bearing on the turbine is usually, lignum-vit®. It may 
be placed closer to the runner than an oil bearing, is simpler, 
requires less attention, and is equally efficient. Furthermore, 
the duty required of a vertical guide bearing on a well-balanced 
turbine is so light that lignum-vit» will not wear appreciably in 
many years of service. 
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Thrust bearings for horizontal units are usually of the marine 
type with the thrust collars forged on the shaft. They are self¬ 
aligning, ring-oiling and water-cooled, and are substantially 
braced or tied to the turbine head. These bearings are designed 
only to carry the residual thrust of the turbine. 

Single-discharge, horizontal turbines are sometimes provided 
with an automatic hydraulic piston to take up the unbalanced 
axial pressure. This thrust piston is in the form of a large collar 
fixed to the shaft and working in a cylinder. The length of 
the cylinder is very short, as there is practically no in-and-out 

motion to the piston. One 
side of the piston is connected 
with the vent opening in the 
turbine cover plate by a small 
pipe. The unit pressure set 
up behind the piston is equal 
to that between the runner 
and the cover plate, and the 
piston pressure acts in a direc¬ 
tion to oppose that of the 
end thrust of the wheel. By 
properly proportioning the 
area of the piston to that of 
the wheel diameter, the end thrust is neutralized. 

Several types of thrust bearings have been successfully used on 
vertical turbines. The oldest type for large units and heavy loads 
is the oil-pressure bearing introduced a number of years ago at 
Niagara Falls. In this bearing, the thrust disks have a large 
annular groove into which oil is forced under pressure. The 
pressure used is sufficient to lift the rotating parts, permit¬ 
ting the escape of oil between the faces of the disks which 
would, otherwise, be in contact. Thus, the load is carried on a 
film of oil. The disadvantages of this type of bearing are the 
expensive and troublesome auxiliaries required to furnish the 
oil pressure, and the certainty of serious damage if the oil pres- 



Fig. 199. —Roller thrust bearing. 
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an overhead reservoir. A roller thrust bearing is shown in 
Fig. 199. 

A vertical section through this roller bearing is shown in 
Fig. 199a. 

Roller bearings for large units are sometimes constructed to 
incorporate the oil-pressure feature also. The latter is combined 
with the rollers in such a manner that the weight may be lifted 
off the rollers for ordinary operation and carried by them only 
in the event that the pressure should accidentally fail. Or it 
may be carried ordinarily on the rollers, the oil pressure being 



Fig. 199a.—Section through roller bearing. 
Standard Roller Bearing Co. 


held in reserve in case of trouble with the rollers. Several of 
the largest plants in this country are equipped with this type of 
bearing. 

An excellent form of thrust bearing is that in which the weight 
is carried on a series of heavy, accurately ground balls of tool 
steel. These balls run in annular grooves made in the thrust 
and supporting blocks, which are also of tool steel. The upper 
{date is fastened to the wheel shaft. The lower plate rests on 
the supporting Bpider of the generator, the balls being interposed 
between them. The balls run in an oil bath, the entire bearing 
bung surrounded with cast-iron casing and a cast-iron cover 
{date which bolts down to the top of the case. The casing 
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is tapped for J^-in. pipe openings, and to these are connected oil 
gauges to show the height of oil, drain valves to draw off the oil, 
and a filler opening near the top through which oil can be intro¬ 
duced into the casing. 

Ball thrust bearings were used on the generating units for the 
Austin, Tex., plant. The net weight carried is 44,000 lb. and 
the speed 300 r.p.m. To carry this load at the given speed 
with an ample factor of safety, required 35 balls, each 2 in. in 
diameter. In order to reduce the radius of their circular path 
they were arranged in two concentric circles, there being 16 balls 

in one and 19 in the other. 
The friction loss in the whole 
unit with this bearing, is less 
than 1 per cent, of the 3000- 
hp. capacity of each unit. 
The lower supporting plates 
of all ball or roller thrust 
bearings should be spherically 
shaped on the under side and 
fitted into a corresponding 
concavity in the supporting 
spider so that the shaft will, 
automatically, take a true 
vertical position without the necessity of adjustments which must 
be made and afterwards maintained. (See Fig. 199a.) 

The latest type of thrust bearing, and one of the best, is 
the Kingsbury. This is a contact bearing which runs in an oil 
bath, the weight being carried on a set of segmental, babitted 
shoes. A liberal space is provided between adjacent shoes to 
permit free circulation of oil. Each shoe has a single pivot 
support located toward one end of the shoe, slightly beyond 
the center of gravity, in the direction of rotation. This arrange¬ 
ment causes the space between the shoe and the thrust block 
on the shaft to open slightly at the other end of the shoe, where 
the oil is drawn in by the rotation of the thrust block. The 
film of oil on the face of the shoe thus assumes the form of a 
very fine wedge, constantly urged forward by the rotation of the 
thrust block. This action insures perfect lubrication without 
grooves, and sustains the high oil pressure between the bearing 
surfaces necessary to carry the heavy weight imposed. This 
bearing may be operated with surface pressures of 400 to 500 



Fia. 200.—Kingsbury thrust 
bearing. 
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lb. per square inch. A considerable excess of area must be pro¬ 
vided, however, to take care of the starting and stopping con¬ 
ditions, which are much more severe than when running. 

The pivots which support the shoes are individually adjust¬ 
able for height. Any or all of the shoes may be removed and 
replaced without dismantling the unit or disturbing the shaft. 
It is only necessary to open up the thrust bearing housing. 
Fig. 200 shows the parts of the Kingsbury bearing, the shaft 
and thrust collar being lifted up off the slippers. 



Fig. 201.—Cross-section through Kingsbury bearing. 


Fig. 201 shows a vertical section through a Kingsbury 
bearing. 

The proper position for the thrust bearing of a vertical unit is 
on top of the generator, supported by a spider or yoke mounted 
on the generator frame. This arrangement simplifies the 
design of the turbine, makes a more compact unit, and avoids 
the danger of vibration which is always present if the shaft is 
in compression particularly if the speed is high. 

End Thrust.—There is an unbalanced axial pressure on a 
turbine, which tends to thrust the wheel in the direction in which 
the discharged water flows. The reason of this may be seen 
from Fig. 181. The pressures acting are: 
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1. An upward thrust, due to the action of the water on the 
under side of the hub. 

2. A downward pressure, opposing the first pressure, pro¬ 
duced by the vertical component of the discharged water against 
the vanes of the wheels. 

3. The pressure acting on the upper surfaces of the wheel, 
tending to thrust it downward, acting against the first-named 
pressure and in the same direction as the second. This third 
pressure is produced by leakage of water through the hub 
clearance (see Fig. 181), which continues until the hydrostatic 
pressure between the cover plate and the upper surfaces of the 
wheel becomes equal to that of the pressure in the turbine at 
the point of entry of water to the wheel. 

This pressure, in wheels of even reasonable size, attains 
considerable proportions; thus, in a wheel of 3-ft diameter, 
the area exposed to the hydrostatic pressure is slightly over 7 
sq. ft., so that, if the pressure were 1000 lb. per square foot, 
corresponding to a head at wheel entry of 16 ft., the total pressure 
against the wheel would be 7000 lb. This thrust is so much 
greater than the first two named that they may be considered 
as negligible. 

Where two runners are mounted on a single shaft, the pressures 
balance, and there is no need of providing any special means 
for resisting axial movement, or what is commonly called, “end 
thrust.” Where a single wheel is used, it is necessary to provide 
thrust bearings such as are herein described, and, in order to 
reduce the size of these and diminish the pressure against them, 
it is customary to relieve the interior pressure between the top 
of the wheel and the cover plate by making a small opening in 
the latter, which is numbered 34 in Fig. 181. A pipe connection 
leads from this opening down into the draft chest, so that any 
leakage through the hub clearance is carried off, and no pressure 
can be set up against the wheel. 

Another method of venting the wheel to relieve the end thrust 
is to drill one or more small holes through the hub and the shaft, 
so that the upper surface of the wheel is drained directly to 
the draft tube. 

Where vertical turbines are set in pairs, this end thrust is 
made use of to diminish the weight which must be carried on the 
thrust bearing which supports the rotating parts. The upper 
runner has the space between the hub and the cover plate pro- 
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vided with a relief vent, while the lower wheel is placed in an 
inverted position, so that the cover plate is at the bottom. Under 
the lower wheel, therefore, the pressure tends to thrust the pair 
of wheels upward while there is no corresponding downward 
thrust from the upper wheel, and, in this manner, an upward, 
unbalanced pressure is obtained, which decreases, considerably, 
the weight that must be carried by the thrust bearing. Of 
course, venting the wheel means always a small loss of water, 
because all leakage past the hub is carried off through the vent. 
This loss, however, is negligible in practice. 

Design of Concrete Scroll Cases. 1 —Experience has led de¬ 
signers to establish rules as to the best velocity of flow in spiral, 
or scroll, cases. In general, the velocity varies from 0.15 to 0.20 
of the spouting velocity, y/2gH, where H is the effective head 
of the plant. The lower value is used for high heads, and vice 
versa. In the speed ring this velocity is accelerated to from 
0.6 V2gH to 0.8 y/2gH, at which velocity the water enters the 
turbine. 

In a low-head, single-runner installation the passage for the 
water can be divided into five main parts: Intake; scroll case; 
speed ring; turbine and draft tube. The term intake will signify 
the passage from the front of the headgate piers up to the point 
where the scroll case begins. “Speed ring” is the name given the 
circular frame-work surrounding the wheel and in which the 
guide vanes, or gates, are placed. 

In designing an intake abrupt changes in the flow must be 
avoided, as eddies formed at these points, will upset the flow 
throughout the intake and the scroll case. It is, therefore, 
best to divide the flow into imaginary vertical strips and regulate 
the velocity of each strip so that no eddies can form. 

Suppose that the intake is so large that four gate openings are 
required, and that the speed ring of the turbine has 20 vanes. 
The flow, then, may be conveniently divided into either 20 or 
40 strips. It is, however, usually divided into as many strips as 
there are vanes. Therefore, assume 20 strips in this case. As 
there are four gate openings, there will be five of these strips per 
opening. Fig. 202 shows a scroll case in which the flow has 
been divided in this manner. Beginning at the scroll case proper 
and working backward, it will be readily seen that these ver¬ 
tical strips or flow lines are of different lengths. The passages 

* A. G. Hillbbbo, Eng. Record, Oct. 2 and 9,1915. 
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in the concrete, obviously, must be so designed that the water 
in each flow line moves at the same velocity as that in the 



adjacent line, at points where such lines meet or run alongside 
each other. Otherwise eddies will form. 



As the lengths of these flow lines vary, it is necessary to separate 
the groups belonging to each headgate opening. This is readily 
«*‘Sdone by the introduction of piers, which also serve to break up 
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the span of the - roof of the intake. Theoretically, such piers 
should be carried out to a knife edge on their downstream 
side, but it is impossible to do this in concrete. Hence, it is 
necessary either to provide a knife edge of steel plate or cast 
iron, or to end the pier with a suitably rounded edge. Examples 
of such designs are shown in Fig. 203. 

The velocity of the water through the racks and the headgate 
openings should be kept as low as possible, so as to make the 
loss in head due to the entry, small. Under no circumstances 
should this velocity exceed 5 ft. per second, in which case the 
loss in head due to entry would be less than 0.2 ft. For wheels 
operating under heads lower than 30 ft. this loss due to entry 
would be excessive, and a lower velocity should be used. The 
losses due to entry should never exceed 0.5 per cent, of the total 
head. 

The velocity head 11 v is twice the entry head h„ so that for an 
entry head equal to 0.5 per cent, of the total head H, or 0.005//, 
the velocity head will be 1 per cent., or 0.01//. The entry ve¬ 
locity will be that due to the velocity head, or 

V = vVx 0.01// = 0.8V// (243) 

A plant operating under a head of 25 ft., therefore, should 
have a velocity of 4 ft. through the headgate openings, and the 
loss due to entry would be 0.125 ft. 

In many instances, however, the roof of the intake opening lies 
so high that when the water level in the forebay is low, a velocity 
of 0.8 V// per second, with the corresponding depression of the 
water level in front of the gate opening, might draw air into the' 
turbine. In such cases the velocity • must be kept below the 
critical velocity. 

The velocity through the headgate openings can be main¬ 
tained throughout the intake and the scroll case, but as a suffi¬ 
cient amount of concrete must be provided between the different 
units in the plant to carry the weight of the substructure, the 
horizontal, unbalanced part of the hydrostatic pressure and 
the water pressure on the partition walls when adjacent units 
are shut down, it is often necessary to accelerate the velo¬ 
city of the flow in order to economize in space. When the 
flow is accelerated, the passage is made smaller and more space is 
available for concrete. As the velocity through the headgate. 
openings is known, it is necessary to determine the velocity in 
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the scroll case and the distance between the beadgates and the 
scroll case proper in order to determine the rate of acceleration 
This increase in velocity should be a constant amount per linear 
foot of travel of the water. 

The rate of acceleration should also be maintained in the 
scroll case. When points of equal velocity have been located 
on the flow lines, these points should be connected by curves, 
and if any irregularities are discovered they should be adjusted. 
The boundary lines of the two extreme flow lines will determine 
the limits of the concrete. 

When the flow lines are carried around the scroll case they 
naturally decrease in number each time a speed-ring vane is 
passed, as shown in Fig. 202. The maximum velocity in this 
part must be kept low enough so as not to cause erosion of the 
concrete. Either this maximum permissible velocity can be 
assumed at the end of the scroll case, and the velocity accelerated 
at a uniform rate from the headgate opening at the end of the 
scroll, or the velocity at the beginning of the scroll can be deter¬ 
mined by the formula 

v = c-y/^gH,, 

where c = 0.15 to 0.18; g, 32.16, and H 0 , the net operating head. 
As only the maximum, minimum and average heads on the 
plant are known, the net operating head must be guessed at. 
An empirical formula, which for average heads between 7 and 
65 ft. gives very close results, is 

H c = H a — (VHa)/ 3 (244) 

where H, is the net operating head and H a the average gross head. 

As soon as the operating head is known, the most suitable 
velocity of flow at the beginning of the scroll can be calculated; 
Many engineers prefer to keep this velocity constant throughout 
the scroll, but, if the water be accelerated at a uniform rate in 
the intake, it is better to keep this rate of acceleration in the Bcroll 
also. 

The next step in the calculation is to determine where the 
scroll case actually begins. Theoretically, the best place is on 
the transverse axis of the unit, in which case the angle a in Mg. 
202 is 180°. The whole discharge, Q, then passes through the 
vertical plane through this line, and, at the opposite side, where 
a 0, an area sufficient to pass Q/2 must be provided. This, 
however, sometimes makes the breadth required by the unit 
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unduly large. To economize on space, and, consequently, on con¬ 
crete, it is advisable to place the end of the scroll at another 
point. Calling the discharge in the scroll case to the left of 
the unit Di, and that to the right Dj, Table 36 shows the dis¬ 
charges to be provided for. 

Table 36.—Discharges to be Provided for at Different Points in the 




Scroll Case 



a 

180“ 

225“ 

270“ 

316“ 

360“ 

Di 

0 

70/8 

30/4 

80/8 

0/2 

D, 

0/2 

30/8 

0/4 

0/8 

0 

Total 

30/2 

60/4 

0 

30/4 

0/2 

Not much difference 

in efficiency exists between the cases 


where a — 180°, 225° and 270°. Where a is larger than 292.5° 
the curvature of the side of the intake will be so sharp that it is 




Fig. 204.—Scroll noses. 


almost impossible to prevent the formation of an eddy. The 
effect is that less water will enter the runner at that point, thus' 
subjecting the runner to an unbalanced thrust. 

The general rule applies to all cases, that the intake masonry 
should be an easy curve and as nearly as possible a smooth con¬ 
tinuation of the speed-ring vane. 

The speed-ring vane at the end of the scroll case must be 
specially designed so that the concrete can be anchored to it. 
It should also lie carried out far enough to protect the tapering 
end of the concrete and prevent the excess pressue at the end (due 
to the higher velocity) from breaking through the concrete. 
In most cases a thickness of from 18 to 24 in. will suffice. Fig. 
204 shows two scroll noses of good design. 

The friction losses in a scroll case can be determined with ac¬ 
curacy. The method, however, involves lengthy computations, 
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and as all-losses are in proportion to certain areas, turbine 
designers generally use empirical rules whereby the influence 
of the friction can be allowed for. The method consists simply 
of enlarging the sections a certain predetermined amount. 
As the influence of the friction grows larger in proportion as 
the areas get smaller, the areas must be increased in accord¬ 
ance with a sliding scale. If the succeeding sections of a scroll 
case to be calculated are numbered 1, 2, 3, 4 . . . n, it is 
customary to enlarge them 0, 1, 2, 3 . . . n —1 per cent. Ex¬ 
perience has shown that smaller scroll cases designed in this 
manner have a high hydraulic efficiency. 

Good judgment, however, should be exercised in selecting a 
suitable sliding scale, as large sizes of the casing and low velocities 
of flow may, in certain cases, require the adoption of a smaller 
scale than that given. As the designer cannot predict the 
quality of workmanship of the concrete in the finished scroll 
case, it is always advisable to use a slightly larger increase in 
the scale than the theoretical computation indicates. 

The vertical sections of a scroll case should, as far as possible, 
be symmetrical about the horizontal center line of the dis¬ 
tributor. Consequently, this center line must be known before 
the scroll case can be given its shape. In determining the 
location of the horizontal center line of a distributor, which is a 
plane in which are located the horizontal center line of the 
wheel gates as well as the rated diameter of the turbine runner, 
the velocity of flow in the upper part of the draft tube must be 
known. 

Theoretically, the best shape of the cross-sections of a scroll 
case is circular, as the hydraulic radius is then a maximum, and 
the difference between the maximum and minimum velocities 
of the flow in the section is a minimum. Economic reasons, how¬ 
ever, prevent the use of such a shape, as the width of the unit 
and, consequently, the amount of concrete needed in the sub¬ 
structure would be unduly large. In order to reduce the overall 
width of the scroll case as much as possible, the cross-sectional 
areas are usually flattened, their longest dimension being vertical. 

To facilitate the form work it is customary to make the 
periphery of the scroll case, vertical. The floor and the roof 
may be horizontal, but as sharp corners will create “dead” 
water, thus reducing the sections, large fillets must be provided. 
These fillets are sometimes so large that they meet at the roof 
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and the floor, making arcs of circles in the transverse sectional 
elevation. 

The cross-sections at the upper and lower foundation rings of 
the speed ring are usually curves conforming with the arcs of 



Fia. 205.—Concrete scroll case. 


circles. In that way an efficient bell mouth is created. To in¬ 
crease the effect of this bell mouth, the scroll case is connected 
by sloping sides to this speed ring. These sides have a slope of 
from 45° to 60° with the horizontal. The effective area of the 



Fro. 206.—Concrete scroll case. 


scroll-ease sections, are to be figured up to the outer edge of 
the speed-ring vanes. Typical scroll-case sections are shown in 
tin drawings, Figs. 202, 205 and 206, a vertical section being 
ilitWH in l$ig. 207. 
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As previously stated, the most advantageous location of the 
scroll case is when its horizontal center line conforms with the 
horizontal center line of the runner. Generally, such a location 
will place the scroll case rather high, thus requiring more con¬ 
crete in the substructure than with the center line at a lower ele¬ 
vation. The distance to which the center line may be lowered 
is limited by the fact that the draft tube curves out to the 
stream, passing under the case, and the designer must provide 
enough masonry between it and the case to prevent the water 



Fio. 207.—Vertical section through concrete scroll case. 


from breaking through or even percolating through the masonry 
at the thinnest point. The critical section is generally that 
located on the transverse center line of the unit, or, more ex¬ 
actly, that located in a vertical plane laid through the axis of the 
draft tube. 

The floor and roof of a scroll case can be parallel to each other 
until such a point has been reached that it is necessary to slope 
them toward each other in order to reduce the cross-sectional 
areas of the scroll; they can be given a uniform slope from the 
beginning to the end of the scroll, or the roof can be kept hori- 
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zontal while the floor is given an upward slope. For very large 
and deep scroll cases placed so that the horizontal center line'is 
considerably lower than the horizontal center line of the runner, 
this latter arrangement is advantageous, as it brings the center 
line of the scroll higher and higher. As soon as a point is reached 
where both lines are in the same plane, the roof should also be 
given a slope, so that this condition is maintained for the rest 
of the way. 

As long as the cross-sectional areas are comparatively large, 
and, consequently,' the amount of water abundant, it does not 
make much difference whether or not the horizontal center lines 
of scroll case and runner coincide, but the smaller the area gets 
and the smaller the amount of the available water becomes, the 
more important it is to have this condition satisfied. Further¬ 
more, the hydraulic radius should also be kept as large as possible, 
and in order to accomplish this it is necessary to design the 
smaller'areas with a rapid decrease in height. 

Draft Tubes.—The design of a draft tube of proper proportions 
for the conditions under which a turbine must operate is an 
important factor in power-plant engineering. The assumption, 
so frequently made, that a tube of any kind will suffice, is 
erroneous. 

When the water is discharged from a turbine there is energy 
still left in it, due both to its elevation above tail water, and its 
velocity. 

The upper end of the draft tube should fit accurately to the 
band of the runner. The wall of the tube at this point should 
be a continuation of the inside surface of the runner band. 
Abrupt bends should be avoided and the tube should be long 
enough to reduce the velocity to a proper value without too rapid 
enlargement of cross-section. At the same time it should not 
be so long that the inertia of the column of water in the tube is 
sufficient to break the vacuum when the flow is suddenly checked 
by the closing of the turbine gates. 1 

The bottom of the tube must be well submerged at time of 
lowest tail water. The lower end should, in any case, project 
at least 10 in. below the surface of tail water, and for large tubes, 
having a diameter 8 ft. and more, the depth should be at least 
2 ft. 

Good draft-tube design is, fundamentally, dependent on the 

1 Cbbbteb W. Labner, Wellman-Seaver Morgan Co. 
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proper elevation of the turbine above tail water. The runner 
should be so located that the total draft head at the top of the 
tube is well within the theoretical limits of a vacuum; namely, 
approximately 34 ft., for a 30-in. barometer, and proportionally 
less for localities above sea level, where the normal barometer 
is less. 

The total draft head at the top of the tube, friction being negli¬ 
gible, is the vertical elevation, H„ of this point above tail 
water, plus the head represented by the velocity of the water 
at that point. The latter is the so-called “velocity head,” 
or H v . 

It is safer to base the calculations on the cross-section at the top 
of the runner band rather than the top of the draft tube, because 
the draft head actually extends well into the runner. 

The difference between theoretical head, as shown by the 
barometer reading, and II. -f //„, is the margin of safety allowed 
for contingencies, the most important of which is the additional 
vacuum caused by the inertia of the water column in the draft 
tube when the turbine gates close. Whenever the load on the 
turbine is reduced, the governor closes the turbine gates pro¬ 
portionately, in order to maintain constant speed. If the con¬ 
tinuity of the water column in the draft tube is to be maintained, 
its velocity must be correspondingly reduced, as rapidly as the 
gates close. The vacuum, Hi, at the top of the draft tube neces¬ 
sary to overcome the inertia of the water column therein, is the 
same as the pressure which would be required if the retarding 
force were applied at the bottom of the tube. This is readily 
calculated on the basis of any assumed rate of governor action, 
and must be considered in determining the elevation of the tur¬ 
bine. The maximum value of H. + H. + H t should be less than 
the height of a water column which a vacuum will sustain or 
an equivalent water barometer reading, otherwise the column 
of water in the draft tube will break, returning with a surge 
and causing a water hammer. 

It should be noted that H. is a constant, while H, and Hi 
are both variables, and the maximum value of the term (H, + Hi) 
is best determined graphically. 

The worst condition to be considered is that of a shutdown from 
full-load discharge to a gate opening which will deliver only 
sufficient water to keep the wheel running at speed with no load. 
Curves of H, and Hi should be plotted for a shutdown, with time 
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of gate movement as abscissae, the corresponding values of H, 
and Hi as ordinates, and from the curves the maximum value 
of (if, + Hi) determined. The curve of Hi increases from the 
beginning of the gate stroke to the end, whereas H, decreases. 
The maximum values of H, and ff< are not coincident, and 
hence, can not be calculated independently and added together. 
In practice, the sum of these three terms should be kept safely 
below the theoretical limit. If the vacuum in the draft tube is 
near the breaking point, continuity of flow may be interrupted 
at the discharge end of the water passages through the runner, 
resulting in corrosion and pitting of the vanes. 

The effective length of the draft tube extends to the point where 
the discharge is released to atmospheric pressure. This fact 
may be utilized to advantage where it is impossible, for any 
reason, to make the draft tube as long as it should be to reduce 
the velocity at exit to a proper value. In such cases, the tail- 
race may sometimes be sealed to the atmosphere, and the residual 
loss is, then, the velocity at exit from the tailrace rather than from 
the draft tube. Of course, such an arrangement is not as efficient 
as a properly designed draft tube, because there is a loss at the 
point where the draft tube discharges into the tailrace. 

The residual velocity, at the point where the discharge is 
released to the atmosphere, is an irreclaimable loss and should 
be made as small as possible. 

It used to be a common practice to make all draft tubes of 
steel plate, but of late years they are usually moulded in the 
concrete foundation of the power house, except for small turbines. 
It is not feasible to build large draft tubes of plate, nor is it pos¬ 
sible to obtain the smooth curves and efficient design charac¬ 
teristic of concrete tubes. 

The reduction in the exit velocity of the water from the tube 
by gradually enlarging the cross-section should be in accordance 
with the equation. 

S J F = A = constant for the area of the cross-section at any 
point along the length of the tube. 

S = length of the path from an origin to any point measured 
along the middle line of the tube. 

V = velocity of the water at any point. 

This equation simply shows that the diameter of a round tube 
should increase uniformly from the draft chest to the lower end. 
The area increases as the square of the diameter, so that the 
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condition of 6' S K = a constant is fulfilled. The final, or dis¬ 
charge velocity, V„ is not a fixed quantity. It is usually taken 
at a value such that the lost energy of discharge shall never exceed 
1 per cent, of the energy due to the total head and shall, pref¬ 
erably be kept within 0.5 per cent., or V. — 0.4\/# to 0.8v / 2? 
is the range of values of the velocity of exit. The principal loss 
in the draft tube is, however, not due to the exit velocity, but to 
eddy whirls and internal disturbances caused by the twisting 
motion of the water on leaving the wheel. 

The diameter of a draft tube, at the bottom, is limited by its 
length and by the diameter where it is attached to the draft 
chest. The maximum “flare,” or rate of increase in diameter, 
should not exceed 0.33 ft. increase per foot length. Of course, the 
length of the tube is limited by the height of the turbine above 
tail water. This height, measured to the middle point of the 
runner, should not exceed 26 ft. (at sea level) and is, preferably, 
fixed by the conditions before set forth. 

Large draft tubes are usually flattened at the bottom to avoid 
the cost of the excavation that would be required if the cross- 
section were maintained circular These tubes are invariably 
built of concrete. 

Concrete Draft Tubes.'—Vibrations in power-house sub¬ 
structures are often due to improperly designed draft tubes, in 
which the discharge does not fill the tube. In the upper part, 
where the change in elevation for a given distance, measured 
along the axis of the tube is more rapid thap in the lower part, a 
vacuum is formed between the stream and the walls of the draft 
tube, resulting, naturally, in vibration of the stream. The 
greater the discharge and the higher its velocity, the less the 
vapor pressure in the vacuum and the greater these vibrations. , 

The total draft head, referred to the difference in elevation 
between the top of the runner band and the lowest tail-water 
level is 

E = B — (j — u) — (t>,72 g) (245) 

where E = difference in elevation, or maximum permissible 
draft head; B = height of water barometer = 33.9 ft. for sea 
level; v h velocity through the runner band at full load; 
g, 32.2; j, margin allowed for governing and vapor tension, and 

1 A. O. Hillbero, Eng. Record, Nov. 13 and 20,1915. 
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u, allowance for all losses due to friction and curvature in the 
draft tube and the outflow loss at its end. 

The value of (j — u) should be selected at from 3 to 6 ft., 
depending on the physical conditions of the plant in question, 
j depending on the load variations, and u upon the length of 
the draft tube. 

In dealing with the flow in curved and expanding tubes, several 
factors develop which prevent an absolutely correct mathe¬ 
matical solution of the problem. If two succeeding sections be 
considered, and it be assumed that the flow is normal to the first 
one, the expansion and the consequent reduction in thickness of 
the film of water, when passing through the following section, 
will have changed this direction of flow. The result may be an 
increase, or a reduction, of the pressure on the walls, or it may be 
the formation of eddies. In order to permit any kind of a 
mathematical solution, it is, therefore, necessary to make two 
assumptions, namely, 

(а) The flow in the tube is normal to the plane under con¬ 
sideration. 

(б) The change in velocity head should not, at any time, be 
greater than the change in elevation. (This is in order to get 
a certain amount of back pressure, so that the stream will expand 
and fill the tube.) 

In order to analyze the problem as completely as possible, the 
following factors should be investigated: shape of center line 
of tube and its length; velocities and change in velocity heads; 
shape of areas and volume of draft tube. 

The velocity, »i, of the flow through the band of the runner is 
always known as soon as the turbine has been designed, and the 
desired outflow velocity t>„ at the end of the draft tube can be 
determined from the physical conditions of the tailrace. As the 
discharge, Q, at full load (that is, 0.8 gate opening, wider openings 
being considered as overloads) is known, the areas At at the 
top, and An at the lower end of the tube, can be calculated. 
A\ = Q/v i and A n = Q/v n . 

The draft tube must be placed deep enough to permit its 
being sealed at all stages of the tail water. This seal refers to 
the lowest point of the roof of the draft tube and not necessarily 
to the upper edge of the end area. As the required seal only 
needs to be from 2 to 3 ft., it is generally sufficient to locate the 
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upper edge of the end area about 8 to 15 in. below the lowest 
tailrace level. 

As the single-runner turbine is of the mixed-flow type, that is, 
the flow is deflected from radial to axial, the center line of the 
draft tube should be vertical immediately below the runner. 
This vertical part is a direct extension of the center line of the 
turbine shaft, and its location is therefore known. The center 
point of the lower end is also known, as this area has been de¬ 
termined as to its size and location. 

The center line must pass through the center point of the end 
area, and its direction at the point of its intersection with the 
plane of the end area should be horizontal, or nearly so. 

The curve most generally used is the arc of a circle with tang¬ 
ents at both ends. In laying out a center line of a draft tube 
in this way, the radius of the arc should be as long as possible in 
order to minimize the losses due to the curvature. 

One disadvantage of this curve, however, is that the change of 
curvature is small in the upper end of the draft tube, and, 
consequently, in order to make the stream of water fill the tube, 
a considerable back pressure is required. Part of an ellipse, or 
a parabola, would be better in this respect. 

The change in elevation is more gradual and better distributed 
throughout the length of a center line of parabolic shape than 
of one elliptical or circular. If the draft tube is short, however, 
the tangent at the lower end of the curve will not be horizontal, 
and, as it is desirable to have a horizontal, or nearly horizontal, 
discharge of the water, it is sometimes necessary to insert at 
this end a short arc of a circle with a long radius. 

As the runner band is circular, the upper end of the draft tube 
must also be circular. The flow of the discharge below the 
turbine, although axial in its general direction, follows along 
lines of approximately helical shape, and the areas of the draft 
tube should, therefore, be circular until the curvature of the 
tube has broken up the helical flow lines and forced the flow to 
become perpendicular, or approximately so, to the cross-sectional 
areas. 

The shape of the lower end can be varied within a wide range. 
Its limits in the vertical direction are the depth of excavation 
and the water seal required, and in a horizontal direction the 
thickness of masonry between the draft tubes necessary to carry 
safely the weight of the power house. The least amount of 
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excavation is required if this area is a rectangle and the inter¬ 
vening pier is as thin as permissible in order to carry the super¬ 
imposed weight of power house and foundations. For maxi¬ 
mum hydraulic efficiency, it is better to have an area of circular 
cross-section. As this form, however, generally requires-too 
much excavation in the tailrace and too much concrete in the 
power house, a compromise between the opposing structural 
and hydraulic conditions is made. An elliptical shape is the 
best compromise form. 

Elliptical sections are difficult to build and, for this reason, it 
is customary to make the bottom section in the form of a parallelo- 


a 

( ? ? 

E> 

v_i_y 


Paralleloaram with Fillets 




Elliptical 



Fig. 208.—Typical discharge ends of draft tubes. 


gram with large fillets in the corners. These fillets may be 
large enough to make a continuous semicircle across the end of 
the rectangle. Fig 208 shows the kind of bottom sections that 
have been used. 

The area of the parallelogram section with fillets is 

A = BD - 0.8584r 2 (246) 

where r = radius of fillets. 

B = extreme width of section. 

D = extreme height of section. 

Obviously, this equation holds for a square with fillets that 
meet, i.e. a circular cross-section. 

The area of an elliptical section is 


4 


(246a) 
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For a section such as shown in d, Fig. 208, the area is 

A = bB - 0.4292r 2 + (2466) 

6 = distance from lower tangent to horizontal line dividing the 
areas enclosed by the two curves, r = radius of fillets, c = dis¬ 
tance from the uppermost element of the elliptical portion, down to 
the horizontal dividing line, i.e., half the minor axis of the ellipse. 

All intermediate cross-sectional areas must be larger than 
the top area and smaller than the end area. Their shape can 
also be varied within the limits of the shapes of the two given 
areas. It is, however, customary to keep the areas circular 
until the diameter of the circle becomes equal to the minor axis 
of the end area. After that point has been reached, the circular 
shape is abandoned and the horizontal axis increased until it 
equals the major axis of the end area. 

The velocity of the flow at any point in a draft tube must be 
related, in a certain way, to the velocities at other points. The 
velocities at two points, however, are known at the outset; these 
are tq and i>„, the velocities at the top and the bottom ends of 
the tube, respectively. For the former, 

»'i = 2.4to3.2\/#<, (247) 

where 

//. = H a - (VhJZ) (244) 

H a = average gross head, and H„ is the operating head of the 
plant. 

The turbine builder will give the velocity of flow as soon as 
the runner of the wheel has been designed. If it be required to 
design a draft tube for estimating purposes before the turbine, 
has been designed finally, it is better to assume too high than too 
low a value. 

The outflow velocity v„ should be kept as small as possible in 
order to waste a minimum of the head. Usually 

t>» = 0.4 to 0.8 y/H. (248) 

It is not always advantageous to use a small value of as the 
flow in the tailrace must be rapid enough to carry away the 
water. A low value of v H might, therefore, result in an un¬ 
necessarily expensive excavation for the tailrace. As a low 
velocity requires a larger area for the outflow, too low a velocity 
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might result in too great a spacing of the wheel centers, thus 
increasing materially the cost of the power house. 

By means of these velocities the corresponding cross-sectional 
areas, Ai and A„, can be calculated, as the discharge Q is known. 
The intermediate areas can be calculated only after the velocities 
through the planes in which these areas are located have been 
determined. The problem, therefore, is to find the velocity 
change per length unit in the draft tube, measured along the center 
line. 

It must be remembered, however, that this change in velocity 
must be such that the change in velocity head becomes some¬ 
what smaller than the change in static head. The theory is 
that on one side, the film of water is subjected to a pressure cor¬ 
responding to the change in velocity head, and, on the other, 
to a pressure corresponding to the change in static elevation. 
If the difference in pressures be such that the film is subjected 
to a back pressure, the film will obviously expand sideways and 
thus fill the cross-sectional area of the tube. 

The water flows through the tube at a constantly diminishing 
velocity, and a mathematical analysis shows that the velocity 
at any point in its path of flow is related to the distance traversed, 
and measured along the center line of the tube, by a parabolic 
equation which is 

v = b - \/kz (249) 

in which z is the distance of any point along the center line of the 
tube from x, the vertex of the curve; v is the velocity at that point, 
and 

b = Vi + t> H 



Vt and v n being, respectively, the velocities in the upper and 
lower ends of the tube, and l the length of the tube. After l 
and k are found, the distance from the vertex of the first and last 
points on the curve can be determined by the following formula: 


Vn* 

l 

(260) 

k 

'£)*-* 

vf 

k 

= 1 + Zx 

(261) 
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Figure 209 shows the general relationships of these quantities. 
If the axis of the tube is parabolic in form, the length along 
the center line, l, is 

in which 

a - y/Ax 2 + y 1 

From these equations all the quantities necessary to design a 
tube may be found. 



Fig. 209.—Diagram of velocity retardation in draft tube. 

In computing the volume of concrete in a power station, the 
volume of the draft tubes must be known. This is 

Vol. = (to — 2.3 log to) cu. ft. (253) 

Q = discharge through the tube, in cubic feet per second. 

5 = vi + v n 

m - 1 + (■>/*» - V*i) (254) 

As an example of the use of these formula, design a draft 
tube for the following conditions. 

A 15,000-hp. wheel operates under a gross average head of 
54 ft. The model of the runner has given a maximum efficiency 
of 88 per cent, under test, and it has been estimated that the full- 
sise wheel will give close to 90 per cent, efficiency. The point 
of maximum efficiency on the curve has been located at 0.8 
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gate and the best speed determined accordingly, 
operating head is 


H. = H a - ^ 


Q = 


54 - 

15,000 X 550 
62.5 X 51.5 X 0.9 


V54 

3 


51.5 ft. 


= 2850 sec.-ft. 


The net 


Vi = 2.4 to 3.2\/5L5 = 17.3 to 23 ft. per second, 


Vi being velocity of flow through the runner band. Assume, in 
this case, the turbine manufacturer has stated that the design of 
his wheel is such that Vi = 20 ft. per second which fixes the value 
of »i. 

The velocity of discharge is 

0 » = 0.4 to 0.8\/51.5 = 2.9 to 5.75 ft. per second. 



Suppose the river channel at the power house, however, is 1 
narrow and comparatively deep even at the lowest stages of the 
river. Practically no tailrace, therefore, has to be excavated, 
so that the outflow velocity is assumed at 3 ft. per second. 

By means of equation (245) the allowable difference in eleva¬ 
tion between the top of the runner band and the lowest tail- 
water level can be determined. The equation is 

E <= B — (j — u) — (0i72ff) 

In this case the draft tube will be assumed an ordinary length 
justifying the use of a value of 3 for (j — u), but the power will 
be used for traction purposes and the load variations will be 
severe. The term (j — «), therefore, is taken * 4.68. Assum¬ 
ing for B, its value at sea level, or 33.9 ft. 
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Then 

E = 33.9 - 4.68 - 6.22 = 23.0 ft. 

The top area of the draft tube, that is, at the runner band, is 
A t = Q/vi = 2850/20 = 142.5 sq. ft. 
and the area at the outflow end is 

A n = Qv n = 2850/3 = 950 sq. ft. 

The top area, as explained previously, must be circular, and 
its diameter, therefore, is 13.46 ft. The end area can be one of 
several shapes, and it is here assumed elliptical, as a circular area 
would require too much excavation both in the foundation and 
the tailrace. The horizontal axis is assumed twice the vertical. 

Consequently, —= 950, and, since 2D = B, 

D = \/2X'9507^ = 24.6 

The minor axis (vertical) is, therefore, 24.6 ft., while the 
major axis (horizontal) is 49.2 ft. Should it be found that this 
width is too great, the permissible width can be determined by 
means of the spacing of the units, and the width of the concrete 
pier between the draft tubes required to carry the load safely. 
The calculation is then repeated backwards and the length of 
the minor axis determined. In this case it is assumed that the 
length of 49.2 ft. is satisfactory. 

As the outflow velocity is small, the highest point of the end 
area will be located 1 ft. below the lowest tail-water level. 

The distance from the center line of the unit to the down¬ 
stream wall of the power house has been determined previously, 
in connection with the design of the scroll case, and it is also 
dependent upon the amount of space required on the generator- 
room floor. In this case, it is assumed that this distance is 
50 ft. 

The two points on the center line required, in order to locate 
it, are now known. Taking the lowest tail-water level as one 
axis, and the center line of the wheel as the other, one point is at 
elevation 23, above low water, while the other is at elevation 
13.3, below low water. The design of the turbine, however, is 
such that the bottom flange of the lower foundation ring is about 
4 ft. lower than the runner band. It is, therefore, determined 
to begin curving the draft tube at a point 5.3 ft. below the runner 
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band. Hence the difference in elevation between top and botr 
tom of the center line is 23 + 13.3 - 5.3 = 31, and these two 
points are 50 ft. apart, horizontally. 

Looking at the diagram, Fig. 211, it is seen that the center line 
of the draft tube is too long. As the actual length across the 
power station of 50 ft. can not be changed, since this is deter¬ 
mined from other requirements than those of the draft tube, the 
length of the tube is shortened to 40 ft. by building an arch 10 ft. 
wide inside the wall of the substructure. The intrados at the 



Fio. 211.—Section through draft tube and curves showing velocity and 
velocity head at any point in tube. 


crown of this arch should project above ordinary stages of the 
water, and, if possible, above the highest water level, in order to 
effect the desired reduction in length of the draft tube. In many 
instances, however, tunnels located in the substructure, and, in 
some cases, the scroll case itself, prevent this arch from being 
carried as high as might be desired. 

A parabolic center line will be used. In order to get as simple 
an equation as possible, the system of axes will have its origin 
at the apex of the parabola. The equation then reads y* -ox, 
36 
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and, as the center point of the end area must lie on this parabola 
V - 31 when x = 40, or 

a = (31)740 = 24 

making 

y 1 = 24a; 

The center line can now be plotted. When this has been done, 

it appears that the angle between the lower end of the parabola 
and the horizontal, is 21° 10'. This is too great, and an arc of 
a circle of 31-ft. radius is, therefore, inserted, as shown in Fig. 210. 
. A new Parabola must now be calculated, and it must have 
its apex at the origin and its lower branch must be tangent to this 
circular arc. For this condition, ?/ = 2Ax will no longer hold. 
The new parabola will end at the arc of the circle, and at such a 
point that the radius of the circle will be normal to both curves 
at their point of intersection, this being the condition for tangency 
of the two adjoining ends of the curves. 

Let the equation of the new parabola be y 2 = ex and 

e = 2 [c ± Vc(c- a)] (255) 

c = distance from apex of the paralwla to center of the circle 
— 40 ft. in this case. 

a = previous value of coefficient of a; in equation y* = ax 
= 24 in this case. 

. “ 18 the an S le between a vertical line and the radius of the 
circular arc to the point where arc and parabola join. Its value 
is computed from the equation 

sin « = ^ ± yj~^ (256) 

Obviously, there are two values that will satisfy these equa- 
tions, but as the circular arc shortens the length of the parabola 
the negative signs only must be used. 

For this case 

e = 2 [40 - \/4b(40 - 24)] = 29.4 

So that y 2 = 29.4a;. 

Also 

a * 28° 20' = 28.33° 
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r sin a = 31 X 0.474 = 14.7 
x - 40 — r sin a = 25.3 
y = V29.TX 25.3, or I 
y = r cos a = 31 X 0.88 l 

In figuring the true length of the center line, it must be borne in 
mind that two different curves must be considered, one a parabola 
and the other the arc of a circle. The length of the arc h is 


= irra _ 7T X 31 X 28.33 
1 180 ~ ' 180' 


15.3 ft. 


The length of the parabolic curve, ? 2 , can be determined by 
formula (252). 

a = \/4 X (25.3) 2 + (27.3) 2 = 57.5 
_ 57.5 2.3 X (27.3) 2 2 X 25.3 + 57.5 

. 2 + 4 X 25.3 log 27.3 

= 28.75 + 16.928 log 3.97 
= 38.88, say 38.9 ft. 

The total length of the center line, therefore, is 

L = 5.3 + h + k = 5.3 -1- 38.9 + 15.3 = 59.5 ft. 


Instead of the length of the center line being calculated, it can 
be plotted to a large scale and measured with sufficient accuracy. 

In determining the shape of the draft tube, the areas should 
be calculated at points spaced from 2 to 3 ft. apart. As neither 
of these spacings, multiplied by any whole number, will equal the 
length 59.5, the first space will be made to suit. In this case, a 
2-ft. spacing will be used, and the first space will, therefore, be. 
1.5 ft. 


Previously, it has been determined that t>i = 20 and 
3 ft. per second. 

Vl 2 - e„ 2 (20)2- (3)2 

k = — T —= 59 5 = 6-57 

\/k - 2.557 

v = »i + v n — y/kz — 23 — 2.557 y/z 
L _ 59.5 

2 " / 20\ 2 


Zl 


and 


©-* (“)-■ 
z n = 1.37 + 59.5 = 60.87 ft. 


1.37 ft. 


By taking the different points along the center line of the 
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draft tube the values of z are found, and from them the values 
of v. 

The area for each point is Q. 

Having these quantities, all others required for the design, are 
calculable. 

A table is computed of the general form shown (Table 37) 
and from the data in it curves are plotted, as shown in Fig. 211 
The table is abbreviated, only a few points being given. 


Table 37. —Values of Different Elements in Draft Tube Design 












(1) 

Point 

on 

center 

line 

(2) 

Diet, from 
upper end 
or draft 
tube, ft. 

(3) 
t, ft. 

_i 

(4) 

», ft. 
acc. 

(5) 

v*/2g, 

ft. 

h\ 

„• c*, 

8*j 

j\Z\ 

(7) 
h, ft. 

U •"¥-'**¥ 

(8) 

Area, 
aq. ft. 

(10) , 

Remarka 

1 

0 

i 

1.37 20.00 

1 ~ 

6.22 


0 


r~ 

142 5 

Circle, 13.46 



! i 



0:82 


1 5 



2 

1.5 

2.87 18.65 

5.40 


1.5 


152.8 

Circle, Z)-13.97 



i ! 



0.74 ' 


2.0 

1 


3 , 

• 

0 

4.87 17.33 

1 I 

4.66 

0.54 

3.5 

2.0 

104. 4 

Circle, Zi-14.49 

4 

5.5 

6.87 

16.27 

4.12 

0.46 

6.5 

2.0 

175.2 

Circle, Z)« 14.93 

5 

7.5 

8.87,15.35 

3.66 


7.5 


185. 7 

Circle, Z>» 15.38 




1 


1.48 


9.0 

: 

! 

10 

17.5 

18.87 

1 

11.83 

2.18 

0.87 

16.5 

7.0 

240.8 

Circle, /) -17.53 

15 

27.5 

28.87 

9.20 

1.31 

0.555 

23.5 

5.8 

309.6 

Circle, D — 19.86 

20 

37.5 

38.87; 

1 6.98 

0.755 

1 ! 

0.360 

29.3 

4.7 

408.8 1 

i 

Circle. fl«22.80 

25 

47.5 

48.87 

5.05 

0.395 

0.226 

34 0 

2.24 

5C4.0 

1 1 

Ellipse, a-12.3; 8-14.6 

30 

57.6 

58.87 

3.30 

jo. 169, 

0.029 

36.24 

0.06 

804.0 

i 

Ellipse, 0-12.3; 6-22.4 

31 

50.5 

60.87 

3.00 

0.140, 


36.30 


950.0, 

Ellipee, a-12.3; 6-24.0 


Note: The dimensions a and 6 of the elliptically shaped areas are half 
the length of the minor and major axes of the ellipses. 


The points on the center line of the draft tube are given con¬ 
secutive numbers for identification. These are shown in the 
first column. 

Their distances from the upper end of the draft tube, measured 
along the center line of the tube, are given in the second column. 

Values of z, in the third column. 

Values of v, in the fourth column. 

Values of velocity heads corresponding to values of v, in the 
fifth column. 
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Change in velocity heads between consecutive points, in the 
sixth column. 

Drop in elevation of the center line below the upper end of the 
tube, in the seventh column. 

Drop in elevation of center line between consecutive points, in 
the eighth column. 

Areas, in the ninth column. 

Volume of displacement of the tube is from formula 253. 

Vol. =- £02 (m - 2.3 log m) 

From formula 254 


(m — 2.3 log m) 


2 57 _ 

m = i - 23 X (V60.87 - Vl.37) = 1 - 0.741 = 0.259 

log 0.259 - 1.4133 = - 0.5867 
2.3 log 0.259 = 2.3 X - 0.5867 = -1.349 
. m - 2.3 log m = 0.259 - (-1.349) = 1.608 

V = 13 R 1 ’ R 1 i )() X 1.608 = 31,800 cu. ft. *' 


A simple method of laying out draft tubes of this kind 
graphically, has been devised by R. Dubs . 1 

The curves of the top and bottom of the tube, as shown by a 
longitudinal section, are involutes of circles, which are curves 
generated by the end of a cord unwinding from a cylinder. 

The top of the tube where it joins to the turbine casing is, of 
course, circular, and its diameter is fixed by the size of the open¬ 
ing in the casing. The area of the bottom end is fixed by the 
designer, and for this method, should be a rectangular, filletted 
section, or circular—not elliptical. 

Fig. 212 shows the longitudinal section through the tube, as 
well as the locations and diameters of the generating circles. 

Refer to Fig. 208, a or b. B is the width of the cross-section 
through the bottom end of the tube, while D is the height. 

B is fixed by the designer, as fiat as possible, as the depth of 
excavation is proportional to B. It, however, can not be reduced 
indefinitely, and hydraulic conditions require that B be not less 

than y > Di being the diameter of the upper end of the tube. The 

fillet radius, r, should be not less than y 

>“La Houille Blanche,” April, 1913. 
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Consider the Jarge circle with radius R. Its lower edge 
is tangent to the horizontal line through the top of the draft 
tube. Assume that a cord is wrapped around a cylinder, hav¬ 
ing the radius R, and located in the same position as the large 
generating circle, the free end of the cord being at P, where a 
horizontal diameter intersects the circle. If the cord be un¬ 
wound, the end will reach the point Q when the free portion of 
the cord is in a horizontal position. This point Q must corre¬ 
spond with the top element of the section of the tube. As the 



cord is unwound, its end describes the lower curve of the longi¬ 
tudinal section. In the same way the upper curve is fixed by 
the smaller circle. 

The radius of the larger circle is fixed by the conditions 


H 

2.1416 


(267) 


H being the vertical distance from the top of the draft tube 
to the bed of the tailrace where the lower end of the tube 
debouches. 

The position of this circle is fixed by the equation 

H 
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n being the horizontal distance of the center of the circle from 
the upper point of the lower longitudinal section of the tube 
(i.e., point Q) as shown. 

These formulae are applicable only to the condition of H - T 
or H > T, T being the vertical distance from the top of the 
tube to the lowest point in the curvature of a tube—in other 
words, where the curve of the bottom of the tube does not turn 
upwards, which means that the furthest movement of the 
generating cord is to a vertical position. 

Where there is an upward curve to the lower end of the tube, 
as shown in the figure, the formula become 


R * 2.1416 

(259) 

T 

n 1.3634 

(260) 


That is, to determine R and n, use as the numerator the value of 
the vertical distance from the top of the tube to its lowest point. 



Fiq. 213.—Typical longitudinal section and cross-sections of concrete 
draft tube. 


For the smaller circle the radius is 

r - 8 - - ° - 


»[*■;-si 

and the position of its center is determined by the formula 
m = ~~ + (R ~ r) tan - - Di + D (! 


m being the horizontal distance of the center of the circle from 
the upper point of the upper longitudinal section of the tube 
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which lies opposite to that used as a reference point for location 
of the larger circle. 

a = the angle between a vertical drawn from the center of the 
large circle downwards, and a radius to the point of tangency 
of the generating cord in its final position. (See Kg. 212.) 

Since both circles are tangent to the horizontal line, passing 
through the upper end of the tube, their locations are fully known 
when n and m are known. 

The top and bottom curves are traced graphically. 

An excellent example of a concrete draft tube is that of the 
Cedar Rapids plant, shown in Fig. 213 which shows the longi- 



Fia. 214.—Tangential wheel. Fig. 215.—Felton wheel bucket. 


tudinal section and a series of cross-sections taken at different 
points along the length of the tube. 

The Impulse Wheel. —A general form of a tangential water 
wheel is shown in Fig. 214. A number of buckets, or vanes of a 
special form, are fastened to the rim of a wheel at equal distances 
apart. A jet of water, issuing from a nozzle, with a velocity 
m Cy/2gh, strikes against the vanes and, by impact against them, 
causes rotation of the wheel. The form of the buckets is shown 
in Fig. 215, and a section is shown in Kg. 216. The working 
surface comprises two curved sections, or lobes, separated by a 
■harp "backbone” placed in the middle of the vane, its direction 
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being perpendicular to the axis of the wheel. The jet is split by 
the sharp edge, one half passing to the curved surface on one 
side, and the other half to the similar surface on the other side of 
the backbone. 

The half jets enter the lobes of the bucket axially and are 
gradually changed in direction until they emerge from the outer 
edges of the bucket in a direction (relative) almost opposite 
to that in which the jet discharges, the effect being, substan¬ 
tially, the same as that of a jet acting on a curved vane, as 
before discussed. 

These wheels are adapted for high heads only—300 ft. and 
greater. The characteristic speed is low, ranging from 4 to 10 
so that the actual working speeds 
under high heads are within the limits 
of mechanical possibility, and adapted 
for commercial electric generators. 

The power is proportional to the num¬ 
ber of jets employed but the efficiency 
is slightly reduced when more than 
one jet is used, and the number of jets 
per wheel should never exceed two. 

Impulse wheels must discharge to 
the atmosphere. No draft tubes can 
be used, because the wheel can not 
operate submerged. Hence, the head 
from the wheel to tail water is lost. 

This means, of course, that the wheel 
must be set as close to tail water as 
it can be placed and, at the same 
time, avoid flooding from backwater. 

The efficiency of the tangential impulse wheel is, approximately 
the same as that of a reaction wheel at, or near, full load. On 
partial load, however, the efficiency of the impulse wheel is 
considerably higher than that of a reaction wheel, as will appear 
from the general theory of the two forms of water wheels. 

General Theory.—The theory of the impulse wheel is Bimpler 
than that of the reaction turbine, as the question of relative 
velocity does not affect the discharge from the nozzle, which cor¬ 
responds to the velocity of entry of a reaction wheel. 

The velocity of the water through the nozzle is always Cy/2gh, 
in which C has a value between 0.95 and 0.98. In the regulation 



Fici. 210.—Diagram of 
forces acting on curved 
wheel-buckets. 
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of the energy delivered to the wheel there are only two methods; 
one is to vary the area of the nozzle Opening, the other, to deflect 
the nozzle so that only a certain portion of the water impinges 
on the vanes of the wheel. 

Equation (217) shows that the pressure produced by a jet 
acting against a succession of curved, moving vanes, the vanes 
and jet following the same path, is 

P = M(Vi - U) (1 - cos 6) 


in which P = pressure, in pounds 

M = mass of water per second = 


W = 62.5 VjF 
9 9 


Fi = velocity of entering water, absolute. 

U = velocity of the vane. 

6 = angle between path of water at discharge and the 
direction of motion of the vane. 

F = area of jet, in square feet. 

If r = radius of wheel measured to point where the jet 
strikes the buckets. 

Pr — torque, or turning moment, on wheel, 
and Proi = foot-pounds of energy, per second 


u = 2irn. 


n = revs, per sec. 


Horsepower = 


Pru 

550 


62 550 ^'“ [(Fl ~ V) (1 - cos *>] ( 263 > 

These are the approximate formul® 
for the tangential impulse wheel. 

The formula given are inaccurate 
in that they assume: 

1. The angle of the entering water, 
a, is zero, and cos a = 1. The error 
thus introduced is, usually, very small. 
Fig. 217 shows the approximate value 
of a which is to be taken as the angle 
between the point on the circum¬ 
ference corresponding to the place 
where the jet first strikes, fully, against 
the bucket, and the point at which the axis of the jet is per¬ 
pendicular to the wheel radius. 

2. The hydraulic friction loss in the buckets is appreciable. 



location of a. 
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This is denoted by in which k is an empirical constant rang¬ 
ing in value from 0.5 to 1.5, depending on the design of wheel. 
The more accurate formula for the power is 
62.57 ,Fru 


Hp. = 


550 g 


X |Vi cos a — U — 

cos 6 \ ___ 

VT+k) V VS+U'-ZVrUcoz 


a] (264) 


As a matter of fact, the angle a is not definitely determinable 
for an impulse wheel. 

The jet first strikes the lower edge of a bucket, and, as the 
wheel rotates, more and more of the bucket comes into the field 
of the jet, until a position is reached at which the maximum jet 
area acts against the bucket. The water then begins to be cut 
off from the bucket by the one behind it coming into the field of 
the jet and beginning to take a portion of the water, which 
increases with the moment of the wheel, producing a corre¬ 
sponding diminution in the amount of water which reaches the 
first vane. Finally, a position is reached at which the water is 
completely cut off from the first bucket. But the impulse of 
the water does not cease immediately, The time during which 
a vane receives water from a jet is so short, that the time of the 
passage of the water through the bucket is appreciable as com¬ 
pared with it. Hence, the bucket continues to discharge water 
for a short time after the supply to it has ceaBed. Obviously, 
the higher the speed of the wheel, the greater will be the distance 
through which the discharge continues. All of which indicates 
the difficulty in fixing exactly, the entrance angle of the jet. 
Daugherty suggests 1 that the mean point between the positions 
where the water first begins to impinge on a vane, and where the 
last particle of discharge emerges from the bucket, be taken 
as the point of initial impact. It appears, however, more logical 
to adopt the point where the jet first strikes fully against the 
bucket as the one by which the entrance angle a, is fixed. 


Details of Construction 

Buckets.—All tangential impulse wheel buckets have the 
“splitter” or backbone, and the differences are, principally, in the 
form of working surface. In the original “Pelton” bucket, 
the curves were circular arcs, which is also true of all other buek- 
* R. L. Daughxbtt: “Hydraulic Turbines.” 
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eta. The original Pelton bucket is semi-cylindrical in form, 
so that a section cut through it at any point parallel to the 
backbone, is a straight line. 

The Doble bucket differs from the Pelton in that it is curved 
in both directions. A section transverse to the backbone is a 
circular arc, while a section parallel to the backbone is also curved, 
being of an elliptical form, so that the working surface is more 
nearly normal to the jet at every point in its rotation within the 
field of the jet. The Doble bucket has part of its outer edge 
cut away near the middle, so that the jet can continue to strike 
against a bucket after it has travelled to a considerable distance 
towards the point tangent to the jet, without being intercepted 
by the next succeeding bucket, the jet passing through the trench 
made in the bucket. This does not mean that a bucket of this 
kind is acted on by the jet any greater length of time than any 
other form of vane, for though it can travel a greater distance 
toward the rear without interruption, it does not come within 
the path of the jet as early as the uncut buckets. The object of 
this form of bucket is to have the jet move it while it is in a 
position most nearly perpendicular to the jet and moving over 
the path parallel to the axis of the jet—in other words, to reduce 
the angle of entry, a, to zero, or as nearly zero as is physically 
possible. 

The buckets are made of cast iron, cast steel or bronze, ground 
or machined to give a smooth working surface, and a sharp 
“splitter.’’ The under portions which abut against the wheel 
rim are machined to fit in place, and the buckets are fastened 
in position by bolts passing sidewise—or parallel to the axis— 
through the rim. 

The number of buckets varies, 12 being the minimum for any' 
size of wheel. As many as 24 buckets have been used on large 
wheels, but 18 to 20 seems the usual practice. Of course, this is 
partly dependent on the size of the jet, one of large diameter 
usually requiring a greater number of buckets than one of small 
diameter. There is, however, no direct proportion between the 
number of buckets and the wheel diameter. 

For the best efficiency, the area of the jet should not exceed 
0.1 times the projected area of the bucket, and the diameter of 
the jet Bhould not be greater than 0.3 times the width of the 
bucket. The best ratio of diameter of jet to width of bucket 
seems to lie between 0.13 and 0.15. 
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Size of Jet.—The size of the jet is fixed by the head and power 
to be delivered. The quantity of water available is known. 
The pipe line losses from the source of supply to the nozzle can 
be computed. Then the velocity is 

Vi — 0.%y/2gh, in which h is the net head at the nozzle. 

Q = ViF and F = ^ = -f 


Whence, the diameter of the jet is 


d = 


, or di = 4.88 




Q 

y/h 


inches. 


(265) 


Qh 


Also, since horsepower Hp. = (approx., for eff’y = 80 per cent.) 
d l = 16.2^|^ in. (266) 


h is taken in feet for all formulae. 

The largest size of nozzle, at present in use, is 10% in. in 
diameter. 

Diameter of Wheel.—By “diameter of wheel” is meant the 
diameter of the circle to which the axis of the jet is a tangent. 

The diameter is limited by the fact that the most efficient 
velocity of the bucket (midpoint) is from 0.45 to 0.47 times the 
velocity of the jet, or, taking 0.46 as the average, the linear 

velocity of the bucket is U = 0.96\/ 2gh X 0.46 = gy, n being 

the number of revolutions per minute, and D the diameter, in feet. 
Hence 

D = 67 - 5y/h feet (267) 

n 


The minimum diameter is fixed by the condition that it must 
be at least ten times as great as the diameter of the jet. Where 
this condition conflicts with that for best efficiency, the stream 
must be divided into two or more jets. 

Figure 218 is a chart from which all the factors of size of jet, 
its velocity, size of wheel and its speed can be taken by inspection. 

The lines, beginning at A, bottom of chart, show the manner in 
which it is used to solve a problem. 

Given a head of 440 ft., and the power to be developed, 
220 hp. 




Head In Feet and Horse Power 

218.—Chart for computation of impulse wheels. 
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From the bottom line of the chart at 440, marked A, follow 
vertically to the curve marked “Horsepower of Jet” (point B). 
Then move horizontally toward the left an indefinite distance. 

From a point at the bottom of the chart, at 220 (point D), 
follow vertically upwards until this vertical intersects the 
indefinite horizontal line (point C). This intersection will fall 
on, or near, one of the diagonals giving the diameter of the 
jet—in this case 2% in. If the intersection does not fall on a 
diagonal, the size of jet is found by interpolation. 

Going back to the starting point, A, (head), continue the 
vertical line until it intersects the velocity curves, one of which 
is the theoretical, the other, the actual, being corrected by the 
coefficient C = 0.95. Horizontal lines drawn from these points 
out to the scale on the left will give, directly, the value of the 
velocity of the jet. The head taken for the chart is the net head 
at the nozzle, and not the total head. 

From the point of intersection of the vertical at A with the 
actual velocity curve (point E), follow horizontally to the right 
an indefinite distance. From the scale of wheel speeds, at top of 
chart take a vertical downward, beginning at a point where the 
desired speed is located—in this case 850 r.p.m. The intersec¬ 
tion of this vertical, with the horizontal from the jet velocity 
curve, will fall on, or near, one of the diagonals representing wheel 
diameters. In this case the intersection is at N and it falls on a 
diameter of 1.8 ft. Where the intersections do not fall on the 
diagonals, interpolation can usually be made, with sufficient 
accuracy, by the eye. 

The quantity of water is found by taking a vertical line to the 
scale at the upper edge, marked “lb. per sec.”, the vertical 
starting at the point where the horizontal line, drawn at the 
elevation of the actual velocity, intersects the diagonal line 
which corresponds with the size of nozzle. For this case, the 
point of intersection is marked K, and the vertical from K to M 
cuts the scale of “lb. per sec.” at 274 lb., or 4.38 cu. ft. per second. 

This chart is useful for finding the values of V and h, where 
either is given to find the other. 

In order to make the diagram applicable to all conditions, the 
values are all theoretical, and must be corrected for efficiency. 
For instance, the size of nozzle and quantity of water are based 

OH 

on the formula: Horsepower = gg, which is correct only when 
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there are no losses, and the efficiency is 100 per cent. Also, the 
diameter of the wheel is baaed on the velocity of its periphery 
being one-half the velocity of the jet, when the actual velocity of 
the wheel rim should be from 0.45 to 0.47 that of the jet. Hence, 
this chart gives the theoretical and uncorrected factors only. 

Casing.—The wheel chamber, or casing, for an impulse wheel is 
not an essential part of the machine, and its form and character 
have no bearing on the efficiency of the wheel. A tangential 
jet wheel works just as well without any casing as with one. 
The casing is simply a covering for the wheel—usually of thin 
steel plate—to prevent splashing of the discharge from the 
buckets. Figs. 219 and 220 show, respectively, the longitudinal 



Fia. 219.—Double overhung impulse wheel, direct-connected to 
generator. 


and transverse elevations of two impulse wheels. Fig. 219 
shows a pair of “overhung” wheels driving a generator on the 
shaft between the wheels. 

Regulation.—The regulation can be effected only by varying 
either the position of the nozzle, or the area of the jet. If the 
first means is employed, the flow of water is constant for a 
variable power output and is, at all times, equal to the quantity 
of water required for the maximum power. This is too wasteful 
for any hydro-electric plant and is applicable only to certain 
conditions where the water supply available is in excess of the 
amount needed for power. 

To vary the area of the jet, and, at the same time, leave 







WATER WHEELS 


417 


its axis and discharge coefficient both constant the needle 
nozzle was devised. A cross-section of this nozzle is shown in 
Fig. 221, and Fig. 222 is the picture of a jet issuing from it. 
The principle is obvious. The “needle,” is an interior stem, 



Fia. 220.—Impulse wheel with governor controlling needle nozzle. 

circular in cross-section at any point in its length and having, 
at one end, a gradually increasing diameter, which, on attaining 
its maximum value, is then gradually decreased until a mini¬ 
mum diameter is reached which is very nearly a point. This 



Fjq. 221.—Section through needle nozzle. 


stem, or “needle,” is set centrally, inside the nozzle, and 
arranged to be moved longitudinally, so that a greater, or less, 
length of it may protrude outside the nozzle and thus vary the 
area of the jet. The needle may be moved either manually, 
or by an automatic speed governor. 

27 
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Where constant speed is required, and the changes in the power 
delivered to the wheel must be quickly effected, a combination 
of the needle nozzle and the jet deflection is sometimes used. 
If a sudden diminution in load should occur, the needle can 
not instantly be thrust forward to decrease the area of the 
jet, because the result would be an increase in velocity through 
the diminished area, which would, for a few seconds, give more 
energy to the wheel, instead of less. 

The pressure set up in the pipe line leading to the nozzle, 
by a Rudden reduction of the nozzle area, due to the stored 



Fio. 222.—Jet issuing from needle nozzle. 


energy in the mass of water moving in the pipe, may product 
dangerous bursting stresses, and will certainly increase the velo¬ 
city through the reduced area of opening, the velocity becoming 
V = V2 g(h + h a ) in which h a is the head that is equivalent to 


the pressure set up, and equal to 

0^.0 


The nozzle may be deflected instantly, so that only a portion 
of the jet strikes the wheel buckets. This gives the necessary 
quick change in the energy imparted to the wheel. Then the 
needle may be moved, slowly, to reduce the area of the jet, the 
rate of motion being so slow that the velocity of the water in 
the pipe is gradually retarded and no appreciable pressure is 
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produced. The mechanism which moves the needle, moves the 
nozzle also, at the same rate, so that as the jet area decreases, 
the proportion of the total jet which strikes the buckets be¬ 
comes greater and greater, the final position being the normal 
one for the jet with its area diminished to correspond with the 
change in load. 

There can be, however, no converse operation of this com¬ 
bined system. An increase in load is not met by any movement 
of the nozzle, as no other position can be given it that will help 
the condition. The only possible movement is that of the 
needle which travels back to increase the nozzle area, but the 
quantity of water flowing through the nozzle cannot be in¬ 
creased until the whole column of water in the pipe line has 
become accelerated. 

Instead of a combination of deflecting and needle control, a 
bypass valve is sometimes used. The bypass valve for high 
heads 'is usually made in the form of a needle nozzle, similar 
to the main working nozzle. When the needle in the main nozzle 
moves to reduce the flow of water through it, the bypass nozzle, 
which is normally kept closed, opens at the same rate as that 
with which the main nozzle is closed. The total area of opening 
for the passage of water remains constant during the period of 
governing. After movement of the two needles is completed, 
the bypass nozzle returns slowly to its normal, closed position. 
The two needles are usually operated by the water-wheel 
governor. 

This subject is treated more fully in the chapter on “Speed 
Regulation of Water Wheels.” 

A modification of the deflecting nozzle is the so-called “ rotat¬ 
ing nozzle” of the Allis-Chalmers Co. This is a deflecting 
nozzle which has its moving portion and center of oscillation 
near the discharge end of the pipe. Also, the nozzle pipe is 
rigid and may be permanently fastened to the wheel housing. 

Figure 223 shows the parts of this nozzle. A dome-shaped 
cover is bolted to the stationary nozzle pipe by a flanged joint. 
At two diametrically opposite points of the joint, a bearing is 
made and bushed with bronze. A deflecting hood, which is 
provided with a pair of trunions, is placed inside the dome, its 
trunions resting in the two bearings. The deflecting hood is 
a heavy steel casting, having cast integral with it the trunions 
and, also, the bottom webs which form a guide for a needle nozzle 
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stem. The front portion of the hood is Bpherical and fits 
into the concave portion of the dome cover, both surfaces being 
machined. The joint between them is made tight by means of a 
leather packing ring interposed between the hood and the dome. 
This ring is held in place by a cover ring, bolted to the front end 
of the dome and concentric with the hole through the dome, the 
hole through the cover plate being of considerably greater dia¬ 
meter than the maximum size of the jet issuing from the hole in 
the hood. 

If a projecting end of one of the hood trunions be rotated, the 
jet will be deflected. 

The needle stem is provided with a universal joint so that the 
area of the jet can be altered in any position of the hood, and the 
discharge nozzle is always concentric with the needle. 



Fiu. 223.—Rotating nozzle. 


The cast-steel hood, together with the needle, constitute the 
only parts to be deflected, and the angular motion of the trun¬ 
nions is considerably greater than that of the standard deflecting 
nozzles. Direct connection between the trunions and the 
governor is, therefore, possible, together with a more thorough 
lubrication of the surface of the trunions. The leather packing 
is relatively small and can be renewed without dismantling any 
other parts of the nozzle. The packing is located in a position 
where it is not affected by sand, as is the case with the standard 
deflecting nozzle, where a large leather ring is placed at the joint 
between the deflecting nozzle and the stationary swivel head of 
the penstock. Since full penstock pressure is exerted between 
the dome and the hood, except over the small area covered by 
the leather packing ring, the nozzle is nearly in hydraulic balance 
and can be easily moved. 

The needle stem is moved by hand, or automatically, as may be 
desired. 



CHAPTER XI 


SPEED REGULATION OF WATER WHEELS AND 
ABNORMAL PENSTOCK PRESSURES 


Speed Regulation of Water Wheels.—The problem of speed 
regulation of water wheels is a complex one when the wheel is 
fed by a pipe line, and is in an enclosed pressure chamber, because 
any load changes produce changes in: speed; flywheel energy; 
gate opening; pressure in pipe line and wheel chamber, and all 
these factors are interdependent. 

For - wheels set in open penstocks the question is simply a 
flywheel problem and the solution easy and direct. 

The different factors will first be discussed separately and then 
combined to derive the complete results and formulte. 

(1) Energy Delivered by Flywheels.—A rotating body having 
a moment of inertia I 1 and making th revolutions per second, 
has stored in it an amount of energy equal to 


Ei = 2 * iInx ' ft.-lb. 

g 

If the speed be changed to some other value, as n t , the energy 
in the mass will be 


Ei = 


25r*/n* 

9 


ft.-lb. 


The difference between these two values of Ei and Et is 


Ei - Ei = 2,rS7(ni ’ - n,J) - ft.-lb. (268) 

This represents the energy added to or subtracted from 
the wheel to cause the change in speed. If ni is greater 
than m the total quantity is positive, showing a reduction in 


1 The definition of moment of inertia is sometimes given in might unit* 
and sometimes in mats unit*, and confusion arises, at times because of these 
two different definitions. In this discussion, / is always taken in might 
unit*. 


421 
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speed and the energy was absorbed from the flywheel in doing 
external work. 

If Ei - E 2 is negative, showing increase in speed, the energy 
was added to the wheel from an external source, the additional 
energy being stored in the wheel at the higher speed. 

Since 1 hp. = 550 ft.-lb. per second, the horsepower stored in, 
or given up, by a flywheel is 

Hp. = 27r2/( 55 o ~ n ^' ) = 0.001114 I (n, J - n, J ) (269) 

if (ni — n 2 ) is the changed value of the speed which occurs in 
1 sec. If the change in speed from n, to n 2 , takes place in T 
sec., then the rate of work, per second, is 

Hp. = <y>011HJK-_n 2 ’) (270) 

When the load on the water wheel is changed from {Hp.) i 
to {Hp.)i, without an instantaneous change in the power of the 
water wheel, the flywheel effect of the moving parts must supply 
energy to carry the increased load over the period of time re¬ 
quired for the governor to act and increase the power delivered 
to the wheel to conform with the new load. 

At the instant when this occurs, the load carried by the flywheel 
is 

(Hp.), - (Hp.h 

As the power of the water wheel gradually increases, more and 
more of the load increase is carried by it, the power absorbed 
from the flywheel gradually diminishing until, at the end of the 
time required for the power of the water wheel to become equal • 
to the new load, there is no power absorbed from the flywheel. 

Hence, the average rate at which power is delivered by the 
flywheel over the time during "which it gives out energy 

{Hp.) i - {Hp.)t 
2 

Put «P = (Hp), - (Hp) 2 

Equating this to the horsepower delivered, or absorbed, by a 
flywheel, in terms of its constants and speed, 


SP 0.001114/(n, s - rii*) 
2 " T 


( 271 ) 
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From this equation, the following are derived by transposition 
and combination of constants. 


I = 


n 2 


450 bPT 
(«i 2 - n 2 2 ) 

(272) 

(n, 2 - n, 2 )r 

4506P 

(273) 

I(ni 2 - tij 2 ) 

450T 

(274) 

1 , 450 SPT 

V Bl I 

(275) 


N 


Note that n i and w 2 are revolutions per second = ^ when N 


revolutions per minute. 
For reduction in load, 

«2 


= 


450SPT 

1 


(275 a) 


The moment of inertia of generators is usually given by the 
manufacturers. It may be computed for any rotating body as 
follows: 

(a) 1 for an annular ring rotating about its center, i.e., flywheel 
rim, is 

rr, 2 + r 2 J 




(276) 


W i = weight of ring, in pounds, 
ri = inner radius of ring, in feet. 
r s = outer radius, in feet. 

r = mean radius = 2 , in feet. 

(6) I for straight rod revolving about one end, i.e., spokes of 
wheel, is 

r*i s 


h = ^[^ + n 2 ] 


. (277) 


Wi = weight of all the spokes. 
li - length of spoke (or rod), in feet. 
r s = radius from center of rotation to middle of spoke (or 
rod), in feet. 

If spokes are of variable cross-section, the measurement for r» 
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should be from the center of rotation to the center of gravity 
of the spoke. This gives a nearer approximation. 

For a flywheel, the total moment of inertia is Ii + It, i.e., the 
sum of the moments of inertia of the rim and of the spokes. 

The flywheel effect for hydro-electric generating units is 
furnished by the revolving field of the generator. In this case, 

1 = Wi p’ + rj2 + r *] + Wt p’ + r,»] + IF, [§ + r«»] (278) 


Ws = total weight of all magnets. 

It = length (radial) of magnet. 

r 4 = radius from center of wheel to middle point of magnet. 


The last term of the equation 



Fiq. 224.—Diagram showing 
W and r for moment of inertia 
formula. 


or 


is the moment of inertia of the 
magnets on the outside of the 
rim of the rotor. Obviously, 
the second and third terms of 
the equation are similar, both 
being for rods or spokes revolv¬ 
ing around their ends. 

Figure 224 shows the several 
elements used in the formulte. 

If the moment of inertia of 
a generator rotor is to be com¬ 
puted, the weight of the field 
magnets is found by unbolting 
one from the rotor rim and 
weighing it. 

The weight of the rim is then 
computed from the formula 

Wi = 480ftr(r»* - r : s ) lb. (279) 

if the measurements are in feet, 


Wi = 0.27fcr(r,* - n*) lb. (279a) 

if the measurements are in inches. 


t = width of rim face. 

The weight of the hub is then computed from the same formula, 
the inner and outer hub radii being taken. Call this TF*. 

Then the weight of the spokes, W it will be 
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= JF — (Wi 4- Wk + W»), in which W is the total weight 
of the rotor. 

The flywheel effect of the shaft and hub are usually neglected, 
as is also that of the water wheel, though the water wheel has 
an appreciable value of I. Omitting it from the computations 
produces a factor of safety in the results derived for regulation. 

Example of the Use of the Foregoing Formulae.—Consider a 
water-power unit, the water wheel set in an open penstock. 

Let time in which governor operates = 3 sec. 

Maximum load change from 1000 to 3000 hp. 

Normal speed 240 r.p.m. 

Find what the moment of inertia of the rotating parts must be 
to keep the speed within 5 per cent, of normal, for the maximum 
change in load. 

(Hp .)i - (Hp.), = SP = 1000 - 3000 = - 2000 
240 , 

m = gQ = 4 revs, per sec. 


I = 


- 1,730,770 lb.-ft.* 


n t = 4 less 5 per cent. = 3.8 revs, per sec. 

450 X (- 2000) X 3 
W- (3.8)®] ' 

The negative sign has no significance in computing I. 

This result is not strictly correct, as the time which elapses 
between the instant of load change and that when the governor 
begins to move is neglected. The computations must be cor¬ 
rected for this as will presently be shown. 

Consider another case, in which the maximum instantaneous 
change in power is from zero to 4000 hp.; normal r.p.m. = 300.' 
/ = 700,000 lb.-ft. 2 Required change in speed if governor acts 
in 2.5 sec. 


300 _ 

ni = -gg- = 5 revs, per sec. 
SP - 4000 


From formula 275 




fZZ 450 X 4000 X 2.5 „ onn _ _ _ _ OKO K _ 

= yj (5) 2 -> 7 An <wT - 4.309 r.p.s. - 258.5 r.p.m. 


700,000 
Per cent, change in speed is 


/5 - 4.309\ 


/300 - 258.5\ 
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As a quick approximation, the regulation can be computed on a 
slide rule from the equation. 

SP X 81 x io«r 

per cent, regulation = —-— 

SP = change in horsepower = (Hp.)i — 

N = revolutions per minute, normal. 

I = moment of inertia of the rotating parts. 

This equation is not sufficiently accurate where the regulation 
exceeds 6 per cent. 

It is to be noted that the flywheel effect of power stations is 
not limited to that of the generating units. Every motor driven 
from the plant, and all machinery driven by the motors, add 
their flywheel effects to that of the generating units. 

This explains the reason why the speed regulation of a plant 
is so much better when supplying current to a commercial load, 
than when under test and the current used up in rheostats. 

Acceleration of Moving Column of Water.—The foregoing 
examples were conditioned on the water wheels being set in 
open penstocks, in which case, the quantity of water will, almost 
instantaneously, change with change of gate opening, provided 
the velocities in the wheel chamber are less than 4 ft. per sec. 

If a water wheel be set in an enclosed pressure chamber and 
fed through a pipe line, a sudden change in gate opening is not 
accompanied by an immediate change in the power delivered to 
the wheel. The velocity of the moving mass of water in the 
pipe can not be changed instantly, except with the applica¬ 
tion of infinite forces. If a given quantity of water is passing 
through the water-wheel gates, the velocity through the pipe 
corresponding with the delivery of this quantity, and the gates 
be suddenly opened due to a sudden increase in load, the im¬ 
mediate consequence is that the quantity of water is unchanged 
and, as the gate opening is greater, the velocity of entry, Pi, to 
the wheel is diminished, so that instead of an increase in power 
to accord with the increase in load, the power is actually 
decreased. 

The column of water begins to accelerate, and within a short 
time, its velocity through the pipe increases, and the greater 
quantity of water required for the increased load is supplied to 
the water wheel, the velocity through the wheel gates rising, 
until the normal value is again reached. 
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Conversely, if the load be suddenly diminished, and . the 
governor quickly moves the turbine gates toward partial closure, 
the quantity of water is not instantly reduced, but immediately 
after the gate openings have been reduced the Bame quantity of 
water flows through them at a higher velocity than normal, 
so that the power of the wheel, for a short time, is increased. 
Under certain conditions which will be discussed, excessive 
pressures may be produced in the pipe line by very quick clos¬ 
ing of the gates. 

The quick opening of the water-wheel gates may produce a 
vacuum in the pipe line and consequent collapse of the pipes, 
while quick closing of the gates may produce the so-called 
“water hammer.” 

The force required for the acceleration of any mass is: 


Force = mass X acceleration. 

Let P = force in pounds, averaged over the whole time during 
Pmax 

which it acts = - f° r uniform acceleration, P mas, 

being the initial force set up which gradually and 
uniformly reduces to zero. 

W = weight of water in pipe line in pounds. 

Vi = velocity of water in pipe line before change in gate 
opening. 

Fj = final velocity after gate opening. 

T = time in seconds required for velocity to change from 
Vi to Fj. 

,en P = ~ X Vi ~- Vl lb. (281) 

W « 62.5 *R*L 


Then 


R = radius of pipe, in feet 
L = length of pipe, in feet 


(282) 


P is the total pressure (average) required to accelerate the 
column of water. 

The pressure per square foot of cross-section of the column is 


P 
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Whence 

„ _ 62.5 v (F, - F,)L 
V ~ g X T 


(283) 


All the water pressures must be referred to water head. The 
head corresponding to p is 


K 

62,5 h a 
Whence 
h a 

T 

V a 


62.5 

„ _ 62,5 (F t - \ \)L 
P ~ g X T 


(Vi - V t )L 0.0311L(Fi 
gT "■ ' T 


o.minvt- v t ) 
X 


h a gT 

L 


ft. per second 


YA 


(284) 

(285) 

(286) 


ha is the average of the head required for accelerating the 
column, L ft. long, T the time in seconds required to produce the 
acceleration from Vi to Vt with the force h a acting on the water 
column, and V a is the velocity, in feet per second, produced by 
the accelerating head h a . 

The net head acting on the water wheel, when equilibrium is 
established, is 

h„ = H — h f (287) 

h„ = net head. 

H = total, or gross, head. 

h f - loss of head due to entry, friction and discharge velocity. 

In order to eliminate the factors of mechanical friction in the 
unit, and efficiency of the water wheel at different loads, the 
velocities of flow in the pipe will not be assumed as propor¬ 
tional to the load, but the actual quantities of water required at 
different loads are used to fix the change in velocity. 

Thus, for a given generating unit, if the quantity of water 
for 1000 hp. = Qi and that for 3000 hp. = Qt, then the velocities 
corresponding to Qi and Qt give, directly, the values of Fi and 
F», including efficiency and mechanical losses. Qi and Qt are 
always known from the combined efficiency curve of water wheel 
and generator. 

To determine h a and the time of acceleration, T, it is necessary 
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to compare the velocities through the wheel gates for different 
areas of opening. Before increasing the opening of the gates, 
and while all the forces are in equilibrium, the head acting to 
discharge water through the gates is h ni and the ve locity with 
which the water passes through the gates is t>i= cs/2gk ni . On 
the instant of opening the gates wider, the velocity through them 
falls, due to the greater opening for the same quantity of water, 
so that the head necessary to pass the water through the gates 
at the diminished velocity is correspondingly reduced. 

To illustrate this, if the gates are opened enough to admit 
100 cu. ft. per second under a head of 100 ft. and there is a 
friction-head loss of h fl = 0.2 ft. in the pipe, for this value of Q\ 
the net head h n i i s practica lly 100 ft., and the velocity through the 
gates is, «i = cy/2g X 100 = 68 ft. per second for c = 0.85. Con¬ 
sequently, the area of the gate opening is ^ = 1.47 sq. ft. If 
the gates be opened to admit 600 cu. ft. sec., the friction loss 
will be, practically, h/ 2 = = 7.2 ft., and the net 

head, h nt , ultimately becomes 92.8 ft. Hence, the area of gate 
opening must be 0 85 ^ 2 y^ = 9-75 sq. ft. 

Velocity through the gates, at the instant after opening, is v, - 
100 

= 10.23 ft. per second. Head to produce velocity v, through 

y.i o 

(10 23) 2 

the gates is h e = = 2.25 ft., or less than 3 per cent, of 

*QC 

the total head. 

Obviously, the remaining part of the total head, or 97.75 ft. 
in this case, is the initial accelerating head, which gradually 
reduces to zero as the velocity of the water in the pipe increases, 
so that the average accelerating head for uniform acceleration, is, 



(288) 


These considerations are modified by the fact that no governor 
opens the gates instantly, a length of time of 2 to 3 sec. being 
necessary. Hence, the acceleration of the water begins before 
the final position of the gates is reached. 

In practice, however, no appreciable error is introduced by 
assuming that the gates are opened instantly, and the time of 
acceleration is that due to instant change in conditions, begin- 



430 HYDRAULIC DEVELOPMENT AND EQUIPMENT 


ning with motion of the governor. It is understood that the 
time of governor action is considerably less than the time re¬ 
quired for accelerating the water. Of course, if the time period 
of action of the governor is longer than the normal time for 
accelerating the water, the actual time of acceleration will be 
increased. The time of governor action should not be longer 
than 30 per cent, of the time of natural acceleration, for these 
approximate formulae to hold. 

Except for the one condition of complete closing of the gate, 
these statements all apply equally to reduction in gate area. 
With reduction in area, a pressure is produced in the penstock 
which retards the water and reduces its velocity. For this 
condition, all the formulae apply and the computations are the 
same, except that in some of them, the signs are changed. This, 
however, is so obvious that in only one or two cases have they 
been repeated to show this change in sign. 

The assumption that the gate area is instantly reduced is 
also adopted for computation of speed regulation, and the results 
are accurate enough for any practical purpose. It is understood, 
however, that actual, instantaneous gate closure will produce 
“water hammer,” as elsewhere discussed. 

As close, practical formulae, the following are given: 


A ni = net head on wheel before change in gate opening =H—h f i 
Kt = net head on wheel after change in gate opening = H — A/» 
H = total head. 


A/j and A/ a are friction-head losses before and after gates are 
opened, respectively, and when equilibrium is established. 

V\ = velocity through guide vanes of wheel before change in 
gate opening. 

Vi = c\/2gh~ (289) 

c = constant of discharge, = 0.85 to 0.90 
v. = velocity through guide vanes immediately after gate open¬ 
ing—gates assumed moved to new position instantly. 

thAi 

(290) 

(291) 


v. 


A i 

v.*_ 

2gc* 


h, = 

A i ■= area of opening of gates prior to change 
At = area of opening of gates after change 


0 . 


V2ghn, 


(292) 
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Qi — cubic feet, per second, of water delivered to turbine before 
change in gate opening. 

Qi = cubic feet, per second, delivered after change in gate 
opening. 

K = y 2 (h n - | c - 2 ) (293) 

Fi = velocity of water in the penstock, in feet, per second) 
before the change in gate opening. 

Vt = velocity in penstock after gate opening and when 
equilibrium has been established. 

A = area of penstock, in square feet. 

The foregoing formulae do not apply to the special case of 
complete closure of the turbine gate, which is separately treated 
in the paragraph on “Water Hammer.” 

Effect of Change in Head on Water Wheels.—Under ordinary 
conditions of operation, the power of a water wheel varies with 
the % power of the head. This law holds only for the condition 
that the speed of the wheel changes as the square root of the 
head, which does not obtain for changes of head duo to accelera¬ 
tion or deceleration of the velocity of the mass of water in a 
penstock, because the speed is maintained substantially con¬ 
stant by the flywheel effect during the time the water velocity is 
changing. 

In order to determine the actual power delivered by the wheel, 
where the head of water and speed of the turbine are known, 
the formulae for computing the horsepower of water wheels, which 
are given in a previous chapter, may be used. This is not 
necessary, however, as the power can be approximated with 
sufficient accuracy by taking it as equal to 92 per cent, of the 
power produced by the changed head and unchanged quantity of 
water, the power being taken as proportional to the head. 
Expressed algebraically, 

„ 0.92 H V xh, 

HiPi =- b ( 294 ) 

'*n i 

Hipi is the minimum power delivered by the wheel at the instant 
of changing the gate opening, Hp\ is the power delivered by the 
wheel before change in gate opening, h„ the head at the wheel 
at the instant after change in gate opening and h nl , the head at 
the wheel before change in gate opening. 

Thus, if the power at 100-ft. head (net) were 1000 hp. and the 
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gates were suddenly opened, so that the drop in head (i.e., the 
accelerating head) were 70 ft., the remaining net head, for the 
instant, would be 30 ft. and the approximate power, at the 


instant, would be 


30 X 1000 X 0.92 
100 


= 276 hp. 


In making computations for determination of speed control, 
accuracy is not obtained by any exact calculation of the change 
in power of the wheel, because the moments of inertia of some of 
the parts are not considered, and, in any case, there are always 
some partially indeterminate factors. For this reason the 
foregoing approximation is sufficiently close to fulfil every 
requirement of the problem. 

Time Period of Governor.—Whenever a change in load occurs, 
the governor does not instantly respond. All governors, now 
on the market, are speed-controlled devices, and a change in 
speed must take place before the governor begins to move the 
gates. The time required to move the gates is nearly constant, 
whether for short or long movements of the gate shaft. The 
governor, therefore, has two time periods; one, that which 
elapses from the time of load change until the mechanism 
begins to act, the other, the time of gate movement. 

Most governors are adjusted to move the gates before the 
change in speed has reached \]4 per cent, of normal. Some of 
the best governors will operate on a speed change of 0.5 or 0.6 
per cent, of normal. The time element for this speed change is 
variable, because the change in speed with time varies with the 
change in load. Since, however, the percentage of speed change 
before operation begins is known, this time element need not 
be known, as it can be carried in the problem as a fixed change. 
From the changed speed at the time gate moving begins, as a 
starting point, the other factors may be computed. 

For instance, if the normal speed of a wheel is 300 r.p.m. or 
5 r.p.s. under a given load, and the governor begins to operate 
on a 1.5 per cent, speed change, and the load be suddenly in¬ 
creased, the speed will drop to 5 — 1.5 per cent. = 4.925 r.p.s. 
before motion of the gates begins to take place. Taking this 
as the starting point, ni, as used in the formulae becomes 4.925 
instead of 5. With this value, the computations are made and 
the final result referred to 5 in determining the total change in 
speed. 
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The application of the formula is best shown by a practical 
example. 

Consider a plant in which the following conditions obtauu-for 
each generating unit: 


Head. 100 ft. 

Max. load on unit. . 8000 hp. 

SP — max. load change. 3000 hp. 


nx = normal speed = 240 r.p.m. = 4 r.p.s. 
L = length of pipe line = 1200 ft. 
Diameter of pipe = 10 ft. 

A — area of pipe = 78.54 sq. ft. 

Water-wheel efficiency: 


hi gate.. 
H gate.. 
% gate.. 
Full gate 


60 per cent. 
70 per cent. 
82 per cent. 
80 per cent 


Governor to operate on a change of 1 per cent, in speed. 
Area of draft tube at discharge end = 150 sq. ft. 
Consider a change of load from 1000 to 4000 hp. 

At 1000 hp., quantity of water is 


Q i = 


1000 X 8.8 
100 X 0.60 


= 146.6 cu. ft. sec. 
146.6 


Fi = velocity in pipe = 73 54 = 1-865 ft. per second. 

7j = discharge velocity from draft tube = - 0.977. 


ft. per second. 

Friction loss in pipe (from tables) = 0.1260 ft. 

Entry loss for pipe = ^ ~ 0.0267 ft. 

(0.977) ! 

Discharge loss from draft tube = =0.0148 ft. 


h f i = total conduit losses = 0.1675 ft. 

h H = 100 - 0.1675 = 99.8325. Call this = H, or 100 ft. 

When the load is changed to 4000 hp. the quantity of water 
becomes 

„ 4000 X 8.8 

Qt = 100 X 0.82 = 430 cu - ft 8ec - 

28 
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Vj = velocity in pipe = 5.46 ft. per second. 

430 

F s = discharge velocity from draft tube = = 2.866 ft. 

per second. 

Friction loss in pipe = 0.936 ft. 

15.46) 2 

Entry loss for pipe - 2 x 2g = 

(2.866) 8 

2ff 


Discharge loss from draft tube 


= 0.127 ft. 


hp = total conduit losses = 1.296 ft. 

h nt = 100 - 1.296 = 98.704 

It is to be noted that the quantity of water required for the 
given horsepower is, really, 

Qi = 98.7 X 0.82 = 435 ‘ 8 cu - ft ' sec ‘ 

The difference between the actual and the approximate values 
is so small that it is seldom necessary to make this correction 
in Q 2 . 

Vi = initial velocity through gate = \/2g X 100 = 80.2 ft. 
per second. 

. Qi 146.6 uor 

Al = p\' = 80.2 = L825 st >' fL 

At = = 430 = 5.44 sq. ft. 

V 2ghn t V2gX 98.7 

v. =--°~ 4 ]' 825 = 26.8 ft. per second. 

A. = (2 | 8 ^ = 11.1 ft. 

2 g 

h a = h ' = 10° ~ H‘l = 44.45 ft. 

T = time required to accelerate the water column, 

= 0.0311 L (F 2 - Fj) _ 0.0311 X 1200 X (5.46 - 1.865) 

= h a ' .. 44.45 

= 3.02 sec. 

The power of the wheel drops, for the instant of opening, from 
'000 hp. to 

0.92 X 1000 X 11.1 


100 


102 hp. 
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Total load change = 4000 - 102 = 3898 hp. * 

At the time the governor begins to move the gates the speed has 
become reduced by 1 per cent. 

Hence 


n'i = 4 — 1 per cent. = 3.96 r.p.s. 

To determine: 

(а) Moment of inertia of rotating parts to give a regulation of 
4 per cent., i.e., drop in speed = 0.04 X 4 = 0.16 r.p.s., so 
that rii = 4 — 0.16 = 3.86 r.p.s. 

T 450 X 3898 X 3.02 nmtnnn „ , 

1 (3.96) - (3.86) 6 ’ 774 ’ 000 b- ' ft- 

(б) What speed regulation is obtained if the moment of 
inertia be 1,000,000 lb.-ft. 2 

450 X 3898 X 3.02 

1,000,000 

= 3.222 r.p.s. 

4.00 - 3.222\ 


Hi 


= 


z _ 450 ^ PT = x /(3.%) 2 - 


/4 

Per cent, regulation = 100 I 


) = 19.45 per cent. 


Water Hammer.—The foregoing formulae for changes of pres¬ 
sure in pipes do not apply if the rapidity of gate closing exceeds 
a certain limiting value and the gate be moved from an open to a 
completely closed position. 

If the gate were closed instantaneously, the rise in pressure 
would be infinitely great if it were not for the ductility of the 
conducting pipe and the elasticity of the water. Due to these 
factors, the pressure which is set up by instantaneous closure 
of the valve is not infinite but, on the contrary, it is small com-' 
pared with its theoretical possibilities. This pressure, however, 
may reach a value in excess of the strength of the pipe and 
turbine chamber. 

Church’s formula for the increase in pressure at the end of a 
pipe line, when the flow of water is instantly arrested, is 

r - ’-^rm lb - per ■ qu * re *"* <294) 

in which p = increase in internal pressure, per square inch, 
v = initial velocity of flow, in feet per second. 
a = weight of prism of water, 1 ft. long and 1 sq. in. in 
cross-section = 0.43416 lb. 

E = modulus of compressibility of water = 294,000 
lb. per square inch. 
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E' = modulus of elasticity of plate steel = 28,000,000 
lb. per square inch. 
t = thickness of pipe wall in inches. 
g = acceleration due to gravity = 32.2. 

R - internal radius of the pipe, in inches. 

As an example, consider a pipe 5 ft. = 60 in. in diameter, having 
a thickness of wall = 0.25 in., and with water flowing in it at a 
velocity of 6 ft. per second. Then the increase in internal 
pressure due to instantly arresting the movement of the water 
will be 


= 6 V; 


0.434 X 294 X 10 s X 28 X 10 6 X 0.25 


32.2[0.25 X 28 X 10 6 + 2 X 30 X 294 X 10 s ] 
per square inch. 


= 200 lb. 


From which it is seen that the pressure produced by instan¬ 
taneous closure is independent of the length of the pipe. An 
appreciable time, however, is required to close any valve, and, 
with the introduction of the time element, the length of the 
pipe also enters as a factor into the problem. 

The theory, in general, of the phenomena which take place on 
instantaneous gate closure, is that the kinetic energy of the mov¬ 
ing mass of water changes to potential energy, distending the 
pipe and compressing the water. This compression of the 
water continues for an instant only, as immediately after com¬ 
pression it begins to extend itself; this act of expansion again 
sets up the pressure and causes compression. The cycle is 
repeated, and this continues until the friction of the water in the 
pipe and the internal molecular friction of the steel and the 
water decrease the amplitude to nearly zero. The whole occur¬ 
rence is an oscillatory one and resembles somewhat the phe¬ 
nomenon of “surging” in electrical transmission lines carrying 
alternating currents. The velocity of wave propagation in the 
pipe is the same as the velocity of sound in water, and this 
velocity varies with varying conditions of thickness of pipe 
shell, modulus of material for shell, and its internal radiuB. Uhl 1 
gives a formula for velocity of wave propagation which is 


„ 22,720 

L = —. :-_ ft. per second 


^23.5 + Kj 


( 295 ) 


1 Trans. Am. Soc. Meoh. Eng., February, 1911. 
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in which 

D - diameter of pipe in inches. 
t = thickness of pipe in inches. 

K = constant. 

for steel plate pipe = 0.232. 
for cast-iron pipe = 0.464. 
for wood-stave pipe = 41.50. 


Knowing the velocity of the propagation of the wave, the ex¬ 
cess pressure set up by instantaneous closure is computed from 
the following simple formulro: 


Cvw 


lb. per square inch 


C„w 

- — lb. per square foot (296) 


h' a = — = pressure in feet head (297) 

in which 

C = velocity of wave propagation in feet per second. 
w = weight of prism of water, 1 ft. long 1 sq. in. in 
cross-section = 0.434 lb. 

W = weight of 1 cu. ft. of water = 62.5 lb. 
v = velocity of water in pipe before closure in feet 
per second. 


g = 32.2. 


For the preceding example and values of v, D and t. 

C = . 2 M 2 j - - = 2552 ft. per second. 


^23.5 + 0.232 (S 


The internal pressure set up in the pipe, by formula 296, is 

p = X 0^434 = 206 ib. per square inch, which is 

32.2 

within 3 per cent, of the value obtained by the use of formula 
(294). 

Also 


and 


p _ 6 X j 552 X 6 2 : 5 = 29751 lb ^ square foot 

h ' a = ® ^ 2 552 = 475.5 ft. head. 


The pressure wave travels from the valve, along the pipe to its 
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end, where it enters the forebay or other source of water supply, 
and is reflected back to the valve, passing again over the length 
of pipe in an opposite direction. 

The time required for the wave to make the round trip, from 
the valve to the other end back again, is 

T = ^ sec. (298) 


L being the length of the pipe, in feet. 

This time period is called the “ critical time ” for any pipe line. 
The experiments of Joukovsky,and others, have shown that if 

2L 

a valve be completely closed within a period of time = , or 

the critical time, the excess pressure set up in the pipe is the 
same as if the valve had been closed instantaneously. Also, 
the laws previously given foF change in the internal pressure in a 
penstock with change in gate opening do not hold for complete 
valve closure. The pressure rise for this condition is 

P m = (299) 

1 m 

in which 

P c = increase in internal pressure in pounds per square 
foot for closure within critical time. 

T c = critical time = 

T m = time within which valve is actually closed. 

P m = pressure set up by closure in pounds per square 
foot. 

P e and P n are transformed to equivalent heads by divid¬ 
ing by 62.5. 

As an example, consider the pipe having the constants before 
given, namely, D = 5 ft. t = 0.25 in. Velocity of moving water 
= 6 ft-sec., length = 1500 ft., and time of valve closure = 4 sec. 
Previous computations show that 


P e = 29,751 lb. per square foot. 
C ** 2552 ft. per second. 

Then 


2 X 1500 , 

T 0 = —rrrVf.— = 1.172 sec. 


2552 
29,751 X 1.172 
4 

ft. head. 


8717 lb. per square foot = 
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These increases in head are independent of the working head 
acting, and are additional to it. Hence, the excess pressures 
set up by gate closure are dangerous, or only moderate, accord¬ 
ing to whether the normal head is small or great. Thus, if the 
normal head were 40 ft. and a sudden excess of 140 lb. were 
imposed, this would make a pressure proportional to 180-ft. 
head, acting on a pipe, turbine chamber and wheel, that are 
designed for less than one-fourth this pressure. 

If, however, the normal head were 400 ft., the increase to 540 
ft. would be an increase of only 35 per cent, above normal. 

There are two practical methods of reducing the pressure 
changes; one, being the application of relief valves, the other, 
the use of surge tanks. 

Relief Valves.—Relief valves are of many kinds. One form 
has been described in the chapter on “Pipe Lines and Penstocks,” 
and this is illustrative of the general type of relief valve which 
operates when the pressure in the penstock increases some 
predetermined amount above its normal value. 

The details of these valves, as made by different manufacturers, 
•vary, but they are practically all based on the principle of a 
relay which is operated by increase in penstock pressure and 
is sensitive to comparatively small pressure changes and 
subject to adjustment. The main valve itself is normally 
under the action of opposing forces of which one predominates 
and acts to keep the valve closed. When the relay moves, it 
opens an auxiliary valve and thereby changes one, or both, of 
the pressures acting on the main valve, so that the force which- 
normally predominates becomes the smaller, and the main 
valve, therefore, quickly opens. After the pressure on the 
penstock is relieved, the pressure-operated relay valve, returns 
to its normal position, and thereby causes the forces acting on 
the main valve to take their original condition of unbalance in 
the direction to close. The value of the difference in these 
opposing pressures is such that closure takes place slowly and 
thereby prevents the production of any appreciable excess 
pressure in the penstock. Obviously, the forces which open 
and close the main valve are produced by the water pressures 
in the penstock and no external source of power is required. 

The mechanical application of these principles can be worked 
out in different ways, and in the selection of a valve of this kind, 
the engineer should consider the simplicity and reliability of the 
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various parts, and in particular, the dependability of the relay 
and the permanence of its adjustment. In general, the relay 
which is required to exert the least force is the most reliable in 
its action. 

Another form of relay valve, sometimes termed “pressure 
regulator,” is one which is similar in principle to the foregoing, 
but the relay is operated by the governor instead of by change 
in penstock pressure. The fundamental difference in the action 
of the two is that an actual increase of penstock pressure must 
occur in order that the pressure-operated valve may move, while 
in the governor-operated type the action is coincident with the 
change in conditions which tends to produce a rise in penstock 
pressure, but this tendency is checked in its inception by the 
action of the valve, due to the fact that its operation is coincident 
with the change in the gate opening of the water wheel. A 
number of different manufacturers supply relief valves of this 
kind which differ in details of construction, but they are all 
based on the foregoing principles. Fig. 225 shows one form of 
governor-operated relief valve 1 and Fig. 226 shows a section 
through it. The details are clear from the cuts. 

When the size of the water-wheel gate is small, as, for instance, 
the needle nozzle for impulse wheels, the bypass may be directly 
operated by the governor. The bypass for a needle nozzle is 
usually a similar needle nozzle and, as the main needle is moved 
outward to reduce the area and the quantity of water discharged, 
the bypass needle is drawn in, allowing some predetermined 
amount of water equal, or proportional, to the reduction in 
the quantity of water in the main nozzle, to flow through it. 
When the needle in the main nozzle has been moved to its proper 
position for the new load, the needle in the bypass nozzle returns 
slowly to its normal position of complete closure. 

All governor-operated relief valves, whether worked through 
the intervention of a relay, or directly by the governor mechanism, 
must be arranged to return slowly to their normal position of 
closure, this return motion being usually effected by an unbal¬ 
anced pressure acting on the valve tending to close it, which pres¬ 
sure is produced by the water in the penstock. There are 
one or two types which depend on the application of some ex¬ 
ternal force to produce a slow rate of closure. 

Another essential feature is that when governor action 

1 Wellman-Seaver-Morgan Co. 
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takes place on increase in load to open the wheel gates, and the 
gate movement is quickly produced and if this action takes 
place while the relay valve is still open, the valve must be 
closed by the governor action at the same rate of speed as that 
with which the turbine gates are opened. Hence, the valve must 
be so designed that its long time period of closure can be neu¬ 
tralized and it can be driven by the action of the governor to 
close quickly. 



Fig. 225.—Governor-operated Fig. 226.—Governor-operated re- 

relief valve. lief valve. Section. 


It is not commercially practicable to make valves of such a 
size as will entirely prevent increase in the internal penstock 
pressure, nor is an absolutely constant pressure necessary for 
good service. 

Uhl 1 states that the following relationships will hold between 
relative areas of relief valve and turbine gate, and the maximum 
change in head on the turbine. 

1 Trans. Am. Soc. Mech. Eng., Feb., 1911. 
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If the sensitiveness of the pressure regulator is 10 per cent., 
that is, if the operating mechanism is so adjusted that it will open 
if a pressure increase amounting to 10 per cent, of the normal 
pressure occurs, the pressure rise in the penstock will be as follows: 

Discharge capacity of relief valve, 100 per cent, of turbine 
discharge, pressure rise 10 per cent. 

Discharge capacity, 75 per cent, of turbine discharge, pressure 
rise 20 per cent. 

Discharge capacity, 50 per cent, of turbine discharge, pressure 
rise 30 per cent. 

These values apply to pressure-operated relief valves. For 
governor-operated valves, the increase in head will be reduced 
10 per cent, below these figures. In practice, the area of relief 
valves is usually made 40 to 50 per cent, of the area of the 
turbine gates, and seldom are •such valves installed having an area 
greater than 75 per cent, of that of the turbine gates. 

As has been pointed out, in the discusion on “Water Hammer,” 
the greater the head, the less is the operation of the plant affected 
by changes in the internal pressure in the penstock, and it natur¬ 
ally follows that the area of relief valves selected should bear some 
inverse relationship to the head under which the plant operates. 

Obviously, relief valves can compensate for increase in internal 
pressure only. Under normal conditions of operation, where the 
relief valve is closed, and the velocity in the penstock has a value 
corresponding to the load on the water wheel, any increase of 
load which causes a greater opening of the water-wheel gates will 
produce a diminution in the penstock pressure. This can not be 
compensated for in any way except by using surge tanks. 

Surge Tanks.—Surge tanks, or reservoirs, comprise auxiliary 
sources of water supply close to the turbine, and they act, also, 
as openings in the penstock near the water wheel to allow outflow 
of water against a static head, whenever an excessive internal 
pressure is set up. The effect is to reduce the length of the 
column of water to be accelerated quickly, and to supply, or take 
up, water during a change of load while the flow of the water is 
being accelerated or retarded in that portion of the penstock 
beyond the reservoir, or standpipe. In small plants, the equal¬ 
izing reservoir is seldom used, as the same effect can be produced 
more cheaply with a standpipe. However, in large plants under 
medium heads, where the quantity of water used is considerable, 
the reservoir will usually prove more economical in first cost and 
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better adapted to reduce pressure variations, and hence, will pro¬ 
duce better speed regulation. The larger the surface area of a 
reservoir or standpipe, the smaller will be the pressure variation. 

The topography of the country surrounding a power site usu¬ 
ally influences the decision whether a reservoir or standpipe 
should be used. If artificial reservoirs prove very expensive, 
the standpipe is resorted to. It will be occasionally found 
advantageous to change the shortest or most economical route 
of the pipe line to one more circuitous, in order to use a natural* 
reservoir site, or to bring the reservoir closer to the power house. 
If the standpipe is of suitable diameter and close to the turbine, 



Fig. 227.—Surge tank. Fig. 228.—Surge tank. 


the speed regulation will approach that obtainable with an open 
flume. Otherwise, the problem becomes that of a plant, with a 
closed penstock of a length equal to that of the draft tube, 
plus the length of the penstock from the turbine to the standpipe, 
plus the height of the standpipe itself. To approach more nearly 
the effect of regulating reservoirs, high standpipes should have 
their upper part enlarged, in the shape of a tank, as indicated in 
Kg. 227. This tank may be supported on structural-steel 
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columns. The pipe leading to this tank should be of a diameter 
not less than that of the penstock. Where a power house is 
located near a gently sloping hillside, the standpipe may take 
an inclined instead of a vertical, position and laid up this hillside 
and supported by it, instead of being supported by columns or 
otherwise. Standpipes for heads of 1000 ft. have been con¬ 
structed in this manner. 1 

The standpipe should be located as near the turbine as possible, 
as has been previously stated. If it is arranged with an over¬ 
flow, the pressure rise can be practically eliminated, and the 
pressure drop will depend directly upon the size or capacity. 

Standpipes are sometimes built high enough to prevent the 
water from overflowing, even with the maximum load change. 
In this case, the change in head with reduction in load may be 
considerable, unless the area of the tank or reservoir is large. 
Better regulation is obtainable with tanks that overflow. The 
main difficulty with overflow tanks is to protect the ground on 
which they rest and adjacent to them from the action of water 
falling from a considerable height. In cases where the tank is 
placed on a rocky hillside or near a creek bed, this condition can 
be easily and cheaply provided for. In most cases, however, it 
costs less to build the tank high enough to take all upward surges 
without overflow than to provide against the erosive effects of 
the overflow water. 

In northern climates, where there is danger of freezing, the 
entire standpipe should be well lagged and sometimes it must be 
provided with steam-pipe coils, supplied with steam from a boiler 
installed at the foot of the standpipe. 

In order to reduce the height of the standpipe as much as. 
possible, the slope of the pipe line should be as little as is con¬ 
sistent with the velocity head and friction head required, because 
the top of the standpipe, must in any case, be higher than the 
level of the water in the forebay to meet the conditions of a 
shutdown with pipe line full. 

If the load be suddenly thrown on, a certain time will elapse 
before the water accelerates in that part of the pipe between the 
standpipe and the turbine, another and longer time elapses before 
the water in the part of the pipe beyond the standpipe accelerates 
to the velocity required by the new load. During the latter 
time, the standpipe must supply the turbine with a quantity of 
1 Uhl: Tram. Am. Soe. Meek. Eng., February, 1911. 
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water which is the difference between that used by the turbine 
at the new load, and that supplied by the penstock beyond the 
standpipe at the reduced velocity during acceleration. 

Computations for Surge Tanks.—The development of the 
mathematical formula for surge tanks is somewhat complex, 
and will not be given here. The formula and their methods of 
application are sufficient for the designer, and these are set 
forth in this discussion. For their derivation the reader is 
referred to the treatises and discussions of Pressl, 1 Brasil,’ 
Parker, 8 Johnson,* Harza, 5 Larner 6 and others. 

Johnson gives the following formula for the drop in level in a 
surge tank when the gate opening is increased in a short time 
(3 or 4 sec.): 

I' = yj~[V 2 - V,] 2 + fcW - Fi’P (300) 

From which 


,, _ mv* - y.) 2 

* “ e[Y 2 -fc 2 (V, 2 - TV) 2 ] 


(301) 


In which 

Y — drop in water level, in surge tank or reservoir, i.e., number 
of feet the water surface sinks below its normal level, existing 
just before the change in load. This is arbitrarily assumed by 
the engineer, and is a compromise between the cost of the tank 
and the desired regulation. Usually, Y should be kept within 10 
per cent, of the head for the maximum predicted load change. 


A - area of penstock in square feet. 

If several penstocks in parallel supply water to the plant, 
• A = area of all penstocks connected to surge tank. 

L = length of penstock, in feet. 

F = area of reservoir or surge tank, in square feet, 
y, = velocity of water in penstock prior to change in turbine 
gate opening, in feet per second. 

Vs = final velocity of water in the penstock after change in 
turbine gate opening, and after the water has accelerated 


1 Schweitzerische Bauzeiiung, January, 1909. 

* Schweitzerische Bauzeitung, January, 1908. 

* Philip A. Mobley Parker: “Control of Water.” 

* Trans. Am. Sob. Mech. Eng., vote. 80 and 31. 

‘ Trans. Am. Soc. Mech. Eng., vote. 30 and 31. 

* Trans. Am. Soc. Mech. Eng., vote. 30 and 31. 
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in the penstock to its proper value for the new gate 
opening. 

g m 32.2 

h, 

k = friction factor = T ,-i 

v i* 

hf = loss in head at velocity Vi, due to friction in pipe and at 
entry. 

It is to be noted that the rate of acceleration of the water in 
the penstock is much less when a surge tank is connected with it, 
than if it be without a surge tank. The physical reasons are 
obvious. With a surge tank, any increase in turbine gate open¬ 
ing is met by a comparatively quick inflow of water from the tank, 
which diminishes the drop in head at the water wheel. Since 
the drop in head ( h a ) causes acceleration of the water in the 
penstock, any diminution in this force correspondingly reduces 
the rate of acceleration; therefore, the time required to bring 
the velocity of the water in the penstock up to its proper 
value for the new load, is much greater than the time of accel¬ 
eration when no surge tank is provided. Hence, the formula, 

T = * ^ does not hold for a penstock having 

Ha 

a surge tank connected with it. 

Harza gives the following formula for the value of T, 


ll 

T = i sec ‘ 

T = time required for return to normal head after change in 
load, t.e., time required to accelerate the water in the 
penstock under the retarding influence of a standpipe. 

F = area of horizontal cross-section of tank or reservoir 
in square feet. 

L — length of penstock, in feet. 

A = area of the penstock, in square feet. 

g = 32.2. 


Also, his formula for Y, or drop in water level in a surge tank, is 

Y - H — yjm - ~~, A (303) 

and 

T HT 

A = ~(IY - 7,‘) + ~(Vt~ 7,) 

H — gross head. 


(304) 
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Design of Surge Tanks.— Data given: 


Horsepower of turbines. 9000 hp. 

H = head (gross). 150 ft. 

L — penstock length. 4000 ft. 

penstock diameter. 11 ft. 

A = penstock area. 95 sq. ft. 

Maximum change in load from 4000 to 9000 hp. 

Turbine efficiency for 4000 hp. 72 per cent. 

Turbine efficiency for 9000 hp. 82 per cent. 


4000 v ft ft 

Q\ = Water required for 4000 hp. = 15Q ^ Q -y 2 = 336 cu. ft. sec. 

Qi = Water required for 9000 hp. = 2 = 644 cu ‘ ft- 8ec - 

336 

7i = velocity of water in pipe for 4000 hp. = = 3.53 ft. sec. 

644 

Vt = Velocity of water in pipe for 9000 hp. = —= 6.77 ft. sec. 

Loss of head for Vt — 3.53 ft. per second = 0.32 ft. per 1000-ft. 
length of pipe (see tables). 


hf t = total loss of head at 3.53 ft. sec. = 4 X 0.32 = 1.28 ft. 
h, 1.28 


k = 


7 ,* 


(3.53) : 


= 0.103. 


Assume that a 10 per cent, drop in the level of the surge tank 
water is admissible, or Y =15 ft. Then, taking Johnsons formula, 
the required area of the tank is 


F = 


95 X 4000 (6.77 - 3.53) s 
32.2[(15) ! —(0.103)’X(6.77 2 — 3.53 1 ) 1 ] 


Its diameter is 2 




27.2 ft. 


581 sq. ft. 


The time required to accelerate the water in the penstock is 


T = 


JT 


4 


581 X 4000 
95 X 32.2 


87.2 sec. 


Checking back from this, the drop 7, as computed by Haraa’s 
formula, is 


r - 150 - ^(150) - 2 **- 
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A - ^ [(6.77)* - (3.53)*] + ( 1 - 50 *—) (6.77 - 3.53) 


= 15,410 

F = 150 - ^22,500 - ^ X (15,410) = 17.8 ft. 


which value is 2.8 ft., or nearly 20 per cent., greater than the 
drop in the water level as given by Johnson’s formula. 

No formula in common use and simple enough for practical 
purposes, can be more than an approximation. A complete 
analysis would require that several factors be included which are 
commonly omitted. For instance, the distance of the tank, or 
reservoir, from the turbine is evidently a factor. If it were not, 
the forebay itself would form a surge reservoir. 

Another factor is the form of the tank. If the cross-section be 
constant, from penstock to the top, like the tank shown in Fig. 
228, the velocity that must be set up in the tank itself is less than 
it would be in the case of a tank of just sufficient height to 
cover the limits of the upward and downward surges with a 
connecting pipe of smaller cross-section from the tank to the 
penstock, such as is shown in Fig. 227. 

The factor which is least accurate is the assumption of the 
maximum load change for which the tank is to be designed. 
This is only an intelligent guess, except for the one condition of 
the total change from zero to maximum load, and it is unwise to 
expend money for a tank large enough to compensate for this 
extreme load change if there is no probability of its occurrence 
in ordinary operation. 

Hence, the discrepancy between the formulse is not so serious 
as it at first appears. 

The formula for maximum height of surge fixes the upper limit 
of the tank height for such as are designed to avoid overflow. 

This is 

Y 

For the previous problem, and assuming a quick shut down from 
full load, 
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which is the height of the top of the tank above the forebay 
level. 

Differential Surge Tanks.—The differential surge tank, de¬ 
vised by Johnson, consists of an elevated tank surrounding, 
and concentric with, an inner tank of considerably smaller 
diameter. The inner tank is connected with the penstock. 
The outer tank does not communicate with the penstock, except 
through ports or openings made 
through the wall of the inner tank, 
as indicated in Fig. 229. 

The object of this arrangement is 
to diminish the size and cost of the 
tank for a given maximum change in 
level, and to “damp out” the oscilla¬ 
tions set up by surges. 

If the water-wheel gates be sud¬ 
denly opened, the water from an 
ordinary form of plain surge tank, 
rushes to the turbine and prevents 
rapid acceleration of water in the 
penstock. The change in pressure 
and velocity in the penstock does 
not take place at a uniform rate, 
however. The curve of pressure 
change, plotted with time as abscissae, 
is practically a sine curve. This 
shows that the rate of drop in level 
of the water in an ordinary tank is 
very slow at first, increasing rapidly. 

The level sinks to the lowest point within half the time period 
of a complete cycle, as given by previous formulae. Then the 
level begins to rise rapidly, gradually slowing down in its rate 
of rise until, toward the end of the cycle, the rate of rise of the 
water level, is very slow. 

The rate of acceleration of the water in the penstock depends 
on the drop in pressure at the water wheel and, therefore, at 
every instant.it is proportional to the pressure drop, or accelerat¬ 
ing head, h a . 

Obviously, the rate of acceleration begins and ends gradually, 
and, as the maximum drop in pressure (and tank level) lasts over 
a very short period of time, the total time required to bring the 

39 




Fid. 229.—Differential surge' 
tank. 
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velocity of the water in the penstock from V\ and V 2 is con¬ 
siderable. 

If the tank could be arranged to limit the maximum drop in 
pressure to the same allowable value as in the plain surge tank 
but keep this drop practically constant over the period of time 
required for a complete cycle, the water in the penstock would 
be accelerated much more rapidly, and the time of a complete 
cycle, diminished. Since the quantity of water supplied by the 
tank to the water wheel, to make up the deficiency of penstock 
supply, is proportional to the time this deficiency exists, the 
volume of a surge tank is reduced if the time period be reduced, 
other conditions remaining the same. 

This the differential surge tank accomplishes, as is evident 
from a consideration of its action. A sudden opening of the 
water wheel gate is followed,'almost immediately, by a rush of 
water from the inner tank, its level quickly sinking to the low¬ 
est point which is attained for the particular change in load. 
Additional water pours through the ports from the outer tank, 
and at a rate just sufficient to keep the water level in the inner 
tank from sinking any further. The water supplied to the 
turbine by the tank is enough to make up the deficiency of 
penstock supply while the drop in head continues, until the pen¬ 
stock begins to deliver the full required quantity of water, after 
which the level in the inner tank quickly regains its normal 
height, and the water pours back through the ports into the 
outer tank until equilibrium is reestablished. 

The formulas for size of outer tank, area of ports, and drop in 
water level are as follows: 

F = area of outer tank (includes inner tank). 

A = area of penstock, in square feet. 

L — length in penstock, in feet. 

g = 32.2. 



hf , = loss of head in pipe line due to friction at velocity Fj. 

Fi = initial velocity before gate is opened. 

Fj = final velocity for new load after conditions of equilibrium 
are established. 
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The area of the inner tank is the same as that of the penstock 
or slightly greater—10 to 25 per cent. more. 

For a predetermined maximum drop in water level in inner 
tank 


__ AUJt-Vtf 
2g[Y* - fc 2 (TV-F?) 2 i 


(306) 


Comparing this with formula (301), it is clear that the area 
of a differential surge tank for a given drop in water level is just 
half that of a plain tank. 

The time required for a complete cycle, that is, from the open¬ 
ing of the turbine gate until complete acceleration of the water 
in the penstock, is 

T= 2 - 3L W (Z-VMZ + Vi) 

2 gy/kY + k 2 Vi 2 g (Z + VtHZ - V 2 ) (307) 

in which 

Z = y/l + VY (308) 


The area of the ports in the sides of the inner tank is fixed by 
the equation 


A(V2- Vt) 
c\/2<jY 


(309) 


a = total area of ports in sq. ft. 

c = coefficient of discharge through ports, generally taken 
as 0.6. 


To illustrate the methods of computation for differential surge 
tanks, and also, to compare the resulting dimensions with 
those of a plain surge tank designed to fulfil the same con¬ 
ditions, take the constants of the plant before used as an example 
in this discussion. 


L = 4000 ft. 

A = 95 sq. ft. 

Vi — 3.53 ft. per second. 
V t = 6.77 ft. per second. 
k = 0.103 


7 = 15 ft. 


The area of tank required to limit the drop in water level to 
15 ft. with a change in penstock velocity from 3.53 to 6.77 ft. 
per second will be 
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„ 95 X 4000 X (6.77 - 3.53)* 

* ~ 64.4[(15)* - (0.103)* X (6.77* - 3.53*)*] 

The time required for a complete cycle is 


290.7 sq. ft. 


_ 2.3 X 4000 _ (Z —3.53) (Z±6.77) 

= 64.4V 0.103 X 15 + 0.103*X3753* ° g (Z+3.53)(Z-6.77) 

z - 4®+ 3 - 53 ’ - 12 -«: 

Q20fl 

T m X log 1.89 = 30.49 sec. 


Compare these results with the corresponding values obtained 
for the plain surge tank in which the tank area was 581 sq. ft. 
or exactly twice as much as for the differential tank and the time 
of the cycle is 87.2 sec. as against 30.49 sec. for the differential 
tank. 

The total port area must be 


a 


95(6.77 - 3.53) .. 

- —v--= 16.55 sq. ft. 

0.6V2fif X 15 


Note that the ports must be submerged by the water in the 
outer tank at all stages or fluctuations in water level. 

Pipe Vents.—If a long pipe has in it a vertical bend, at the 
end of a long section that is horizontal, or has a small slope, as 
indicated in Fig. 230, a sudden opening of the water-wheel gates 
will produce an accelerating force due to the diminution in 
pressure at the lower end of the pipe while the total head acting 
remains unchanged. This accelerating force is divided through 
the mass of water in proportion to the head acting on any 
arbitrarily assumed element of its length. The mass of water 
in the pipe from E to F is greater than that portion from F to 
K because the length EF is greater than the length FK (constant 
cross-section of pipe and draft tube being assumed). The force 
acting to accelerate the mass of water from E to F is proportional 
to the head on the pipe at F, which is hi in the figure. The 
force acting to accelerate the lesser mass in the portion FK 
is proportional to ht in the figure. Hence, the water in FK 
must accelerate faster than that in EF, and if the water-wheel 
gates be opened wide and quickly, the column of water will 
separate a short distance from F, back towards the forebay, a 
vacuum will form and the pipe will be subjected to a collapsing 
stress. 
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To provide against this occurrence, two devices are applicable; 
one being a surge tank, the other an automatic air inlet valve. 

The capacity and height of the surge tank should be such that 
with maximum acceleration of the water in the downward 
inclined portion and the slower acceleration of the horizontal 
section, the water supplied by the surge tank must be sufficient 
to make up the difference between that delivered to the water 
wheel by the more rapidly accelerated column of water and that 
supplied by the more slowly accelerated body. This is, however, 
not an absolute requirement. If the standpipe be large enough to 
admit a sufficient quantity of air to prevent collapse after all 
the water has discharged from it, its essential function will be 
fulfilled. 



Fjo. 230.—Diagram showing quantities for computing collapsing stress on 

pipes. 

The area of air opening necessary and, hence, the minimum 
allowable cross-section of the standpipe is given in the succeeding 
discussion of vent valves. 

Vent or air valves are simply large check valves set in the wall 
of the penstock and located on its upper surface. The valve 
flap moves inward to open, so that the water pressure inside the 
penstock keeps it closed. A comparatively weak spring is also 
provided which will hold the valve closed when the pressure in 
the pipe is a few ounces less (per square inch) than the atmos¬ 
pheric pressure. 

If the pressure inside the pipe should fall to less than atmos- 
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pheric, the external air pressure will open the valve and admit air 
to the interior of the pipe. 

Compute the rate of acceleration from E to F with the gates 
at the bottom of the penstock wide open. 

In equations 281 to 284 it is shown that if the acceleration of 
a column of water is produced by an accelerating head h„, then 


h a 


(V 2 - 7,)L 
qT 


(284) 


ha = total accelerating head acting on the entire column 
of water, 

Vi — initial velocity of water in pipe, 

Vi = velocity in pipe at the end of T sec. after the 
application of the accelerating force, 

If, II = total head on pipe, 
hi = head on section Li, 
hi = head on section L 2 , 


the proportion of the total accelerating head acting on the portion 

h 

of the water column Li is ^ and the actual accelerating head 

. hah\ . 
is feet. 

The change in velocity, Vi — V u in one second, is obtained 
from (284) by putting T = 1, i.e, 


Vt — Vi = feet per second. (310) 

Since for the section L\, the actual accelerating head is 


(310a) 


(311) 


the velocity change for the section Li is 

1/ l 17 haki 

f 2 y, - 

Likewise, for the section L 2) 

T 7 It IT hah>2 

v, -r.-jgg 

Hence, the difference in the velocity changes in L\ and Lj is 

u _ _ ^lj ft. per second, (312) 

which is the rapidity with which the two ends of the water 
column would separate, friction being neglected. 



SPEED REGULATION OF WATER WHEELS 455 


If A = area of the pipe, then the quantity of air which would 
have to enter the pipe to fill the space between the ends of the 
water columns is 

Au = — clL ft- per second (313) 

Knowing Au, the area of the air valve opening may be 
computed. 

The following discussion is from Enger and Seeley. 1 

The area of valve opening required for the entrance of the 
volume of air, Au, into the pipe may be determined from the 
equations for the flow of air through orifices, provided the co¬ 
efficient of discharge for the valve opening is known. If the dif¬ 
ference of pressure causing the flow of air is small (not more than 
3 lb. per square inch) the flow may be treated as if the air were 
incompressible. 

The theoretical velocity v of flow through the valve opening, 
for small pressure differences, is y/2gh, h being in feet of air. 
Then 

Q = cFyj 29{Ft ~ Fl) (314) 


where Q = quantity of air discharged through the valve, in cubic 
feet per second; c= coefficient of discharge; F — area of valve 
in square feet; g acceleration due to gravity = 32.2; Ps = the 
absolute pressure of the air surrounding the pipe, in pounds per 
square foot; Pi = absolute pressure within the pipe, in pounds 
per square fooot; and w the weight of 1 cu. ft. of air at pressure 
P* and temperature Tt (0.0764 lb. at 60°F. and atmospheric 
pressure). 

Since the quantity of air flowing through the valve must be 
equal to .Au, 

Q = Au = cF.l^ g ^ F - ~—- cu. ft. per sec. 

\ w 


and 


F _ u I w 
A ~ c \2(RP, ->0 


(315) 


From this equation the ratio of the area of the valve opening 
to the area of the cross-section of the pipe may be determined 
for any value of u, when the pressure difference is small. 

When the flow of air is due to pressure differences which are not 
l Eng. Record, May 23, 1914. 
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small as compared with the absolute pressure of the air, the ex¬ 
pansion of the air should be considered in calculating the flow. 
The time required for air at pressure P 2 to expand through the 

valve is very short. The ex¬ 
pansion may therefore be con¬ 
sidered adiabatic. The tem¬ 
perature change may be very 
great, as is shown by the 
pressure-temperature curve in 
Fig. 231. As soon as the air 
enters the pipe, its tempera¬ 
ture gradually rises toward 
that of the pipe and water. 
The time required for this re¬ 
heating is very long compared 
with the time of expanding 
through the valve, and since 
the collapse of the pipe would 
be rapid if the pressure dif¬ 
ference became sufficient to 
start the failure, the rise of 
temperature of the air after 
entrance in the pipe, with the 
corresponding increase in pres¬ 
sure, should be neglected. The effect of neglecting the rise in 
temperature is to give results on the safe side. 

p 

When jf is less than 0.528, and assuming adiabatic expan- 

<3i6 > 

where W is the weight of air discharged through the valve per 
second. <02 = volume of 1 lb. air at atmospheric pressure and 
60°F. = 13 cu. ft. If volume wi of air at any pressure Pi, is 

«iPi 

Pt 

if the temperature remains constant. 

If the expansion is adiabatic, the change in volume in passing 

/p \ 0.716 

from a pressure Pi to a pressure P 2 , is un = « 2 yp j cu. ft., 
or if u t be taken at 60°F. and atmospheric pressure, on = 

p \ 0.715 


Temperature in Degrees Fahrenheit 

Ra. 231. —Curves for . changes of 
volume and pressure of air with tem¬ 
perature. 


known, the volume at any other pressure P 2 , is w 2 = cu. ft., 


13 


0 


cu. ft. 
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Therefore, Q = Wo>i 


and 


cu. ft. per sec. 


/p. 0.715 

“2 = “1 \jpj CU. ft. 


(317) 

(318) 


where «i and o> 2 are the volumes of air, in cubic feet per pound, 
corresponding to the pressures 1\ and jP 2 , and all other symbols 
have the same meaning as in previous equations. 

Since Q must equal Au, 


F 

A 

195c' 

zr*£[<£r-3n 

(319) 

When P .y = 

l o 

0.528. 



• Q 

= Au = 

5° cF ® ” 71 \t cu - ft - P er »c. 

(320) 

and 






A 50c W \p 2 

(321) 


The value of c to be used in the above equations probably 
varies for each type of valve, and should be determined. Experi¬ 
ments on the flow of air through orifices, short tubes and annular 
valve openings arc not numerous. From a few experiments, 
however, made under widely varying conditions, a reasonable 
basis is offered for the selection of the value of the coefficient of 
discharge. 

From a study of the effect of sharp edges, approach to openings, 
length of tube, circuitous passages, etc., it is believed that 
c = 0.85 should be the maximum assumed value for the coefficient 
of discharge of an air-inlet valve. It may be considerably less. 
It will probably lie between 0.60 and 0.95. Unwin, in his trea¬ 
tise on hydraulics, page 46, gives values of 0.64 for sharp-edge 
circular orifices, 0.81 to 0.83 for short cylindrical mouthpieces 
without rounding at inner edge, 0.97 for conoidal mouthpieces 
and 0.86 for coned blast nozzles. 

The pressure-temperature curve for adiabatic expansion, shown 
in Fig. 231, is obtained from the equation 

© 0.28 « 

deg. F. 


(322) 
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where Ti = absolute temperature of the air when the pressure 
becomes Pi and T t = absolute temperature of the air at pressure 
Pi — taken as atmospheric pressure and 521°F. 

The values obtained from equations (313) and (315) are shown 
in Fig. 232 in graphic form, using a value of c = 0.85. From 
F 

this diagram the value of ^ may be taken directly. 

As an example, consider a pipe line having the following 
constants: 



0 10 20 80 10 50 <0 10 

Values of U in Fuot pet Second 


Fig. 282.—Chart, for determination of sizes of air valves. 

Li = length of pipe from forebay to downward bend = 3500 ft. 
Li = length of pipe, plus draft tube, from bend to tail water = 
500 ft. 

hi — head on pipe from forebay to bend = 50 ft. 

H - total head on pipe = 250 ft. 

hi = head from bend to tail water = 200 ft. 

D = diameter of pipe = 3.5 ft. 

A = area of pipe = 9.62 sq. ft,. 

Vi - initial velocity of water in pipe = 1 ft. per second. 

If the water-wheel gates be quickly opened to give an area 
such that the final velocity, V 2 , in the pipe will be 8 ft. per second, 
the velocity through the water wheel will drop to (approximately) 
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g of its normal value. Head on the water wheel, prior to gate 


y ,8 

openmg, is 250 ft . - H = (friction neglected). Since the 

head at the wheel varies as the square of the velocity through 

the gates, H:VSr.H l : TV, or H' = H (£*) *, H 1 being the head on 

the wheel the instant after the change in gate opening. For this 

case, the head on the wheel after gate opening, will be = 

o4 

3.91 ft. Hence, the initial accelerating head h a is 250 — 3.9 = 

246.1 ft. Of this, — “= 49.2 ft - act on the section 3500 

ft. long while the remainder = 196.9 ft. acts on the section 
500 ft. long. 

/196.9 49.2\ 

Then Au = g X 9.62 ^ ^— 3500/ ^ cu - = P cr second for 

the first instant. This ultimately falls to zero when equilibrium 
is established so that the average rate of separation of the two 

118 

portions of the water column is = 59 cu. ft. per second. 


This value, however, does not enter into the problem, as the 
object of the air valve or other pipe opening is to prevent the 
formation of any appreciable vacuum in the tube. 

From the foregoing data, determine the area V of the air valve 
required to prevent the internal pressure from falling below 1 lb. 
per square inch, or 144 lb. per square foot, below atmospheric 
pressure. 

From equation (315) 


F = 


Au 


4 


2g(I\ - Pi) 

U) 


sq. ft. 


Take u = 0.0764 lb. per cubic foot of air, and 
c = 0.85 


Then 


F = 


-! 18 . = 0.4 sq. ft. 

Wt ? 144 


1.0764 


D = diameter = = 0.714 ft. = 8.5 


in. 


The diameter of the valves should always be computed for a 
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movement of the water-wheel gate from a position of no load, 
or entirely closed, to maximum opening. 

In u° in E the diagram, Fig. 232, to determine, directly, the 
F 

values of for a given value of u, when u is small the results 
will be more accurate if u be multiplied by 10 and the corre- 
sponding value of j found and afterwards divided by 10. For 
instance in the preceding example Au = 118 and if A were 50.26 

1 1 C 

sq. ft., then « = ~ = 2 - 3 « 10 “ = 23 - For u = 23 and Pi ~ Pl 

p 

= 1 lb. per square inch, the corresponding value of ^ in the 

F 0 08 

diagram is 0.08. Actual value of ^ for the example is ^ 

= 0.008. F = 0.008 X 50.26 = 0.40 sq. ft. 

Water-wheel Governors. —Water-wheel governors are mech¬ 
anisms which are set in operation by a small change in speed of 
the water wheel and which operate to move the wheel gates to 
some new position of opening, to accord with the load change 
which caused the change in speed. Obviously, that portion of 
the machine which is operated by speed change must be a com¬ 
paratively small and highly sensitive device and, therefore, 
must be required to perform very little work and to overcome 
small forces only, in order to move its operative parts. The 
amount of work which must be done, and the forces which must 
be overcome to move the wheel gates rapidly, are considerable 
and, in some instances, very great. Therefore, it is impossible 
that the speed-sensitive device can be made to move the gates 
directly. Hence, a water-wheel governor of any type consists, 
essentially, of a gate-moving mechanism which is rugged and 
powerful, and controlled by a fly-ball governor that sets in 
motion the gate-moving mechanism, power being supplied to 
the latter from some external source. In the larger sizes of 
governors there is usually an intermediate mechanism between 
the speed governor and the gate-moving mechanism, because 
the last-named apparatus may be too heavy for the fly-ball 
governor to even set it in motion by any direct action. It, 
therefore, first starts the movement of an intermediate device, 
which is small and light enough to be easily set in motion, and 
this intermediate mechanism starts the main gate-moving 
machine. 
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A condition of operation must be that after the gate-moving 
mechanism is started, it is brought to rest and movement 
of the gates must cease before the speed of the water wheel 
has returned to its normal value. In the analysis of speed 
control given in preceding portions of this chapter, it was shown 
that the time required for the acceleration of a column of water is, 
usually, considerably longer than the time used in moving water¬ 
wheel gates. The speed of the water wheel does not return to its 
normal value until the column of water in the penstock has 
been fully accelerated to deliver the quantity of water required 
by the new load, the accelerating head disappearing, and the net 
head on the water wheel being nearly the same as that which 
existed prior to load change. It is clear, therefore, that unless the 
movement of the governor and of the gates is arrested before the 
column of water in the penstock is fully accelerated or retarded, 
and the speed of the water wheel is brought back to its normal 
value, the gates will be moved a distance considerably beyond the 
point which would correspond with the change in load. This, in 
turn, would bring about a condition of speed change in the oppo¬ 
site direction, the wheel speed becoming greater or less than the 
increase, or diminution, required. The governor would have to 
move to change the gate again in the opposite direction, and in 
doing so, would again overtravel and, in this way, it would 
“ hunt ” back and forth without ever attaining any stable position. 
Hence, one of the most important features of a water-wheel 
governor is the so-called “compensating” device which brings 
the governor to rest before the speed has returned to its normal 
value. 

Another essential feature of a water-wheel governor is a reli¬ 
able source of external power for operating the gates and a 
proper mechanical method of applying it for this purpose. Other 
details of construction which are necessary are: (a) A means of 
adjustment of the fly-ball governor controller, for fixing the speed 
of the water wheel at the desired value. ( b ) An automatic 
means for varying the adjustment of the fly-ball controller with 
change in load and position of the gateB so that the speed of the 
unit at full load is less than the speed at no load by some pre¬ 
determined amount, usually 2 to per cent. This is necessary 
in order that the generators driven by the water wheels may 
divide the load among them in proportion to their respective 
capacities, (c) A means for varying the speed of the water wheel 
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by hand manipulation in order to synchronize generators when 
first starting them, (d) A hand-operated means for opening 
the wheel gates and moving them to any desired position for 
adjustment or starting. This manual movement of the gates 
must not interfere with the governor, nor must the governor 
interfere with it. 

The general characteristics of the parts must be, as follows: 
The fly-ball, speed-controlling device must be as sensitive as it is 
mechanically possible to make it and, at the same time, have it 
reliable and able to perform the work imposed on it. Tne com¬ 
pensating device must, likewise, be sensitive, and easy to adjust 
for any desired point of stoppage of governor operation, as 
related to displacement of the speed-controlling device. The 
gate-moving mechanism must be powerful and amply strong to 
move the gates quickly and positively, and the power supply 
to cause operation must be -always ready to take the load 
instantaneously. 

Obviously, there can be many forms of mechanisms which 
fulfil the requirements set forth, and many have been devised. 
The generic difference between the several types offered on the 
market in America is that one class uses power from the water¬ 
wheel shaft to effect the gate movement and these are termed 
“mechanical governors.” The other class uses oil (or water) 
under pressure, which is admitted to one end or the other of a 
cylinder, thereby forcing the piston to move the wheel gates, 
and the machines of this class are termed “hydraulic governors.” 

Mechanical governors have a nearly constant speed of move¬ 
ment, and the time required to move the gates, after operation 
begins, is practically proportional to the degree of gate move¬ 
ment. If 2 sec. are required to completely open the gates, then, 
they will be opened halfway in 1 sec. Hydraulic governors, 
however, have almost a constant time of gate movement, regard¬ 
less of the distance moved, except in the case of very small changes 
in gate opening, say within 15 per cent, of the total stroke. The 
time required to fully open the gates differs very little from that 
required to open them halfway. 

While excellent mechanical governors have been constructed, 
they, necessarily, have parts which are more subject to wear and 
to probability of getting out of adjustment than the hydraulic 
governors. Another advantage of the hydraulic governor is 
that the operative cylinder being solidly filled with oil, the piston 
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and, therefore, the gates, are maintained in a fixed position 
regardless of the continual force acting on the gate shaft tending 
to close the gates and produced by the water pressure against 
them. There is a further advantage in that the oil pressure may 
be applied to either end of the piston with comparatively little 
movement of the speed-control mechanism and without the 
intervention of operating mechanisms between the speed-control 
device and the gate-moving apparatus. Due to these advantages 
and othe^ minor ones and, also, to the fact that the hydraulic 
governor was the first one brought to a satisfactory stage of 
commercial development, engineers prefer this type except for 
the governing of small units. 

From the discussions which have preceded it is obvious that 
no manufacturer of water-wheel governors can predict or guar¬ 
antee any definite speed regulation. The regulation depends on 
factors quite outside the control of the governor. The only 
reasonable requirements that the engineer can impose on the 
manufacturer of governors are, the change in speed within which 
the governor will begin operation and the length of time the 
governor will require to move the gates from completely open to 
completely closed position, or vice versa. The manufacturer 
can not even guarantee the speed with which the gates will be 
moved unless he is, at the same time, informed as to the resistance 
to motion of the gates and their distance of travel, in other 
words, the total number of foot-pounds required to move the 
gates over their entire range. A guarantee of speed regulation 
by a manufacturer of water-wheel governors is open to question 
and should be regarded with suspicion. It can mean nothing 
without a thorough analysis of all the accessory factors, and' 
these can not be entirely predicted, because the amount of fly¬ 
wheel effect which external rotating apparatus may furnish can 
not be known. 

There are several excellent hydraulic governors manufactured 
by various firms, among which are the Lombard, Sturgess, Allia- 
Chalmers, I. P. Morris, Pelton and Woodward. This last- 
named company also makes mechanical governors adapted 
for gate movements requiring 3000 ft.-lb. or less. 

A hydraulic governor requires a source of oil supply, a pressure 
chamber and a pump, to force the oil into the pressure chamber 
and at all times maintain the oil pressure above some limiting 
value. It is customary to make each governor a complete 
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unit, including the oil pump and pressure tank, except in large 
installations, where the number of units is five or more, in which 
case an oil-pressure system is provided, which comprises two 
pressure pumps, each of sufficient capacity to supply all the 
governors in the station, two oil-pressure chambers, each, like¬ 
wise, large enough for all the governors; and a system of high- 
pressure piping from the pressure chamber to the governors. 



Fio. 233.—Lombard governor. 


It is not within the scope of this text to describe all of the 
governors available; hence, only one will be described in detail, 
and this, more for the purpose of fixing clearly in the mind of the 
engineer the various interdependent features and devices which 
are equally applicable to any successful governor mechanism, 
rather than to describe any specific machine. For an example 
of the type of hydraulic governor, the Lombard is selected for 
the reason that more of these are used than any other governor 
in this country. 
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Figure 233 is a picture of one of the several designs manufac¬ 
tured by the Lombard Co., and Fig. 234 is a partial cross-section 
through the controller and actuating mechanism of the governor. 
Refer first to Fig. 233. It is seen that this machine has a main 
cylinder (62) in which is the actuating piston. The piston rod 
terminates in a toothed rack, turned with the teeth upward, and 
this rack engages with a pinion (65) on the main shaft. This 
pinion is not fixed on the shaft but is free to rotate on it, unless 
clutched to it by the pin clutch, the handle of which is numbered 
(84) and fixed to the gear wheel (98). When this pin clutch is 
thrown in, the gate shaft will rotate with movement of the piston 
in or out. The small pinion which meshes with the gear wheel 
(98) is attached to a shaft which passes across the machine frame 
to a hand wheel. When the pin clutch is open, movement of the 
hand wheel will rotate the gate shaft, so that the gates may be 
moved by hand. When the governor is at work, the hand-wheel 
pinion is disengaged from the main gear by simply sliding the 
hand-wheel shaft, axially, until they no longer mesh together. 
Immediately above the main cylinder is the cylinder (61), in 
which work the piston valves which admit oil to one side or 
the other of the main cylinder, while they allow the oil to be 
exhausted from the cylinder on the side of the piston opposite 
to that on which pressure is applied. Above the valve cylinder 
(61) is the relay cylinder (57), in which works a small piston that 
may have pressure applied on either side as the requirements of 
regulation may dictate. The valve rod which is connected with 
the valves in cylinder (61), has its other end connected with 
a so-called floating gear (59) which lies on top of, and meshes 
with, the main-shaft pinion (65). The relay piston is connected 
with a rod which terminates, at its outer end, in a toothed rack 
which is placed with the teeth downward and meshes with the 
teeth of the floating gear (59), from which it is seen that if the 
relay piston should move outward, .the rack connected to it will 
push the floating gear (59) forward, causing, in turn, a movement 
of the valve rod outward, and with it, the valve. This will open 
the port in the rear end of the main cylinder (62) and the piston 
will move outward causing rotation of the gate shaft. The 
movement of the relay piston is controlled by the controlling 
valve (14), which is moved by the speed governor. All of this 
is clear from the cross-section, Fig. 234. With this understand¬ 
ing of the operation, the action of the speed control can be ex- 
so 



466 HYDRAULIC DEVELOPMENT AND EQUIPMENT 

plained. The governor head comprises four fly balls mounted 
on leaf springs, and they are rotated by means of the bevel gears 
and governor pulley, as indicated. The springs are fixed to a 
projecting collar at the bottom of the governor spindle and to a 
sliding collar at the top of the spindle. With change of speed, 
the balls will change their positions radially and thereby cause 
vertical, axial movement of the upper collar. The stem of the 
controlling valve, with the several intermediate connections, later 
to be explained, passes through the governor spindle and has a 
collar near its upper end, which presses against the under side 
of the upper collar to which the leaf springs are attached. Ob¬ 
viously, the sliding action of the upper collar will be communi¬ 
cated to the valve stem. A jointed continuation of the valve 
stem projects above the governor spindle, and is attached to a 
horizontal cross-lever which is fulcrumed on a support, and a 
tension spring (38) is attached to the outer end of the lever so 
that the pull of this spring provides a counterforce tending to lift 
the valve stem and to oppose radially outward movement of the 
balls. When the system is properly adjusted and the speed of 
the governor balls is 480 r.p.m., the centrifugal force of the balls, 
the moment of the force produced by the ball-supporting leaf 
springs, and the tension spring (38), are all in equilibrium; the 
controlling valve is in its central position, and the gate-moving 
mechanism is at rest. An increase in speed will increase the 
centrifugal force of the balls, so that they move outward from 
the spindle, depressing the upper collar and moving the valve 
stem and controller valve downward. This admits oil through 
the upper portion of the control valve to the right-hand side 
of the relay piston, which moves outward, moving with it the main 
valve by the action of the upper rack and the floating gear, and 
this admits oil to the left-hand end of the main piston, causing 
it to move inward and thereby reduce the gate opening. The 
next action which the governor must accomplish is to stop the 
movement of the main piston before the speed of the water wheel 
has returned to normal. By referring to Fig. 234 it is seen that 
the valve stem carries on it a small pinion (47) which has a very 
wide face. Engaging with this pinion is a rack, the teeth of 
which are not visible in the drawing. Movement of this rack 
rotates the valve stem. Inside the governor spindle, and about 
at the level of the balls, is a threaded socket into which the 
upper end of the valve stem screws. The threads in the socket 
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Fro. 234. —Lombard governor. Section through governor head and 
operating cylinders. 
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and on the stem have a very steep pitch, so that a small degree' of 
rotation will cause a comparatively great change in the length 
of the valve stem. If the rack be moved in a direction to 
rotate the valve stem so that it shortens, the control valve 
will be moved back to its neutral position while the governor 
balls are still depressing the upper sliding collar. This arrests 
the motion of the relay piston. The floating gear then moves 
to push the main valve to its neutral position, because the upper 
rack has become stationary, and movement of the main-shaft 
pinion, which meshes with the floating gear, will cause the latter 
to work backward along the upper rack, so that the governor 
comes to rest. It is now necessary that the small rack, which 
cofiperates with pinion (47) on the valve stem, shall rotate 
back and restore the length of the stem to its normal value. The 
small rack slides in grooves made in the transverse piece that is 
supported on the vertical studs (80). If it moves in either direc¬ 
tion, it extends the horizontal springs (48). The rack is not 
connected directly to the gate-moving mechanism, but through 
two yielding devices, one, a dashpot, and the other, a spring 
plunger (82) fastened on the right-hand end of the dashpot and 
pressing into a “V”-shaped groove (81) in a piece of metal, 
which latter is connected with the rack. The dashpot piston 
rod (77) is connected through a bell crank and lever (44) to an 
upwardly projecting piece on the relay valve rod. Therefore, 
motion of the relay valve moves the piston in the dashpot 
positively. If the relay piston moves outward, the dashpot 
piston moves inward and pushes with it the dashpot and spring 
plunger, and these move the rack which rotates the pinion on the 
valve stem. The motion of the rack is not strictly proportional 
to the motion of the relay piston, because the dashpot piston 
moves, to some extent, in the dashpot, which amount of motion 
becomes greater and greater as the extension of spring (48) 
increases. After a certain point is reached the spring pressure 
will arrest the motion of the rack, in which case the lower end 
of the spring plunger (82) will begin to ride upward on one 
side of the “V”-notch (81). When the governor comes to rest, 
the spring shoves back the rack (74) and with it the dashpot, 
the rate of motion being fixed by the degree of opening of the 
valve (40) in one end of the dashpot. After the rack has reached 
its normal position, a further outward movement of the dashpot 
takes place, due to the spring plunger pushing downward against 
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the side of the “ V "-notch. The degree of slippage of the piston 
in the dashpot is fixed by the degree of opening of valve (40), 
and this is adjusted after the governor is set up and in operation 
to conform with the specific conditions under which it works. 

The small rod (56), which has a slight motion whenever the 
gate-moving mechanism moves, is connected solidly -to the 
framework which rests on the studs (80). This framework is 
moved by movement of the rod (56). The effect of moving 
the whole framework is to change the neutral position of the 
valve stem and rack, and this means that it changes, by a 
slight amount, the length of the valve stem, which, in turn, 
gives a different speed to the water wheel. This is the so-called 
“paralleling rod,” and it is adjusted to cause a change in speed 
between no load and full load, giving about 2 per cent, drop in 
speed at full load. 

The sleeve (52) on the valve stem is threaded and rotatable. 
This is for adjusting the position of the controller valve to 
give proper speed to the water wheel. Above this sleeve, on 
the valve stem, is a pair of nuts, and just above them, a trigger. 
The trigger holds up a lever which is shown dotted in the figure, 
a heavy coil spring (33) tending to pull the lever down. This 
is a safety device and operates to shut down the water wheel in 
case the governor balls should quit rotating, whether caused by a 
broken belt, or for any other reason. Its operation is obvious. 
If rotation stops, the valve stem will move violently upward tend¬ 
ing to cause opening of the gate. The adjustable nut? will strike 
and release the trigger, the coil spring will pull down the lever, 
which in turn, will press against the valve-stem nuts and over¬ 
power the other springs acting, move the controller valve down¬ 
ward and cause a movement of the main piston to shut down 
the wheel. 

The pump is not shown in either of these figures but located 
on the opposite side from that shown in Fig. 233. The oil- 
pressure tank (2) is underneath the machine, as shown, and this 
is kept approximately half full of oil at all times. 

The latest form of the Lombard hydraulic governor is shown in 
Fig. 235. This is known under the trade designation of “Type 
T.” The governor balls are enclosed . The compensating 
spring is suspended vertically and is clearly seen in both 
the elevations of the machine. The oil-pressure pump and 
tank are separate and placed in any convenient position. The 
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Position,” is provided that has on its stem a marker and, parallel 
with its stem, a gauge. By opening this valve and bringing 
the marker to any desired point on the gauge, the gates will open 
by oil pressure and move to a point of opening corresponding 
to the position shown by the indicator. In case no oil pressure 
is available to cause this movement, a small hand pump is used 
to supply the needed pressure, as shown on the left-hand side 
of the end elevation. By this means, even the heaviest gates 
are easily moved for starting or adjusting. One new and very 
desirable feature of this machine is that no matter how rapidly 
the wheel gates may be moved by it, the velocity of motion is 
reduced near the end of the travel toward gate closure, so that 
in complete closing of the gates the final portion of the move¬ 
ment takes place slowly. The discussion of “Water Hammer” 
indicates the reason for this arrangement. Another convenient 
feature of this machine is the ability to adjust it to open the gates 
on either inward, or outward, motion of the piston. This allows 
a greater freedom in power-station design in the location of the 
governors, and in many instances avoids the necessity of an 
intermediate gear. 
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MATHEMATICAL TABLES 
Notes on Use of Logarithms 

Decimal Fractions.—The characteristic of the log is a negative 
number whose numerical value is equal to 1+ number of zeros 
to the right of the decimal point. Of the whole logarithm, the 
characteristic only, is negative, the mantissa being positive, and 
this is indicated by placing the minus sign above the characteristic. 

Thus, the log of 42 has the mantissa 6232 and, therefore, 

log 0.42 = 1.6232 

log 0.042 = 2.6232 
log G.0042 = 3.6232 

3.6232, for instance, stands for —3 +0.6232. 

In order to carry out numerical operations with logs having 
negative characteristics, the characteristics must be separated 
from the mantissa and the two quantities worked independently, 
and finally recombined at the end of the computations. 

For instance, to raise 0.0042 to the 1.842 power, the operation 
is as follows: 

Log (0.0042) l,M * = 1.842 X log 0.0042 = 1.842 X 3.6232 

1.842 X 0.6232 = 1.1479 

1.842 X ( - 3) = - 5.526 

log (0.0042) >- 848 = - 4.3781 

The whole log is now negative, so that the number correspond-. 
ing to (0.0042) 1,48 is 

XT u l ■—T"o<7qi — oo onri “ 0.00004187 

No. whose log is 4.3781 23,890 

The result may be also obtained by taking a characteristic 
having a value greater by one than the negative characteristic of 
the log, and subtracting the log from it, thus: 

-4.3781 = - 5 + (5 - 4.3781) 

= - 5 + 0.6219 = 5.6219 

The number corresponding to the mantissa 6219 is 4187 and 
the number of zeros to the right of the decimal point is equal to 
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the numerical value of the characteristic less unity, which for'- 
this case * 4 zeros. 

Hence, number corresponding to log 5.0219, is 0.00004187. 

Proportional Parts.—The table of logarithms which follows, is 
computed for three places only. If the log of a four digit num¬ 
ber is required, the accompanying table of proportional parts 
must be used. 

To find the proportional part, take the Jog of the number 
nearest to the number of which the log is required. Then, take 
the P.P. in the column of P.P. which corresponds, numerically 
to the fourth figure of the number of which the log is sought, and 
in the same horizontal line as that in which the nearest number is 
found. 

If the nearest number found in the table is greater than the 
number of which the log is sought, the P.P. is to be subtracted 
from the log of the nearest number: if the nearest number is less 
than the given number, the P.P. is to be added to the log. 

The position of the P.P. in the addition or subtraction, is such 
that the last figure of the P.P. is under the last figure of the log. 

As an example, find the log of 53.84. Nearest number to this 
in the table, is 53.8. Log 538 is 7308, and for 53.8 is 1.7308. 

The last figure of the given number is 4. In column 4 of P.P., 
and opposite to nearest number 538, is found the figure 3 which 
is the P.P. required. This must be added to the log of the near¬ 
est number. 1.7308 + 3 = 1.7311, which is the log of 53.84. 

If the number corresponding to a given log is to be found, and 
the log is not found in the table, the process is reversed. 

For example, to find the number corresponding to the log 
2.3813. Log in the table nearest to this log is 3820. 

Subtracting this log from the given log, 

Diff. = 0.3820 - 0.3813 = 0.0007. 

On the line containing the mantissa 3820, look for the number 7. 
This number lies in the P.P. column marked 4. This means 
that a number difference of 4 corresponds to a log difference of 
0.0007. 

The mantissa 3820 corresponds to the number 241. Since 
0.3820 is greater than 0.3813, the number difference must be 
subtracted from 241, so that the number corresponding to the 
man tissa 3813 is 2410 - 4 = 2406. As the characteristic of 
the given log is 2, the number corresponding to the given log is 
240.6. 
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* TABLE 38. Logarithms. Proportional Parts 



From Bottomky'a Four Figure Mathematical Tablet, by oourteay of The Macmillan Company. 
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478 HYDRAULIC DEVELOPMENT AND EQUIPMENT 


Table 39 . —Natural Sines and Cosines 

Noth. —For cosines use right-hand column of degrees and lower line of tenths. 


Deg. 

l 

° 0.0 

• 0.1 

•0 2 

•0.3 

•0.4 

r 

• 0.5 , 

•0.6 

•0.7 

•0.8 

• 0.9 


0° 

0.0000 

0.0017! 

0 0035 

0.0052 

0.0070 

0.0087’ 

0.0105 

0.0122 

0.0140 

0.0157 

89 

1 

0.0175 

0.01921 

0.0209 

0 0227 

0.0244 

0 0262 

0.0279 

0.0297 

0.0314 

0.0332 

88 

2 

0 0349 

0 0300 

0 0384; 

0 0401 

0.0419 

0.0436 

0.0454 

0.0471 

0.04881 

0.0500 

87 

3 

0.0523 

0.0541 

0.0558 

0.0576, 

0.05931 

0.0610 

0.0628 

0.0645 

0.0663 

0.0680 

80 

4 

0.0608 

0.0715 

0.0732 

0.0750 0.07671 

0.0785 

0.0802 

0.0819(0.0837 

0.0854 

85 

5 

0.0872 

0.0889 

0.0900 

0.0924 

0.0941 

0.0958 

0.0976 

0.0993 

0.1011 

0.1028 

84 

6 

0.1045 

0.1063 

0.1080 

0.1097 

0.1115 

0.1132 

0.1149 

0.1167; 

0.1184 

0.1201 

83 

7 

0.1219 

0.1236 

0.1253 

0.1271; 

0.1288 

0.1305 

0.1323 

0.1340 

0.1357 

0.1374 

82 

8 

0.1392 

0.1409 

0.1426 

0.1444) 

0.1461 

0.1478 

0.1405 

0.1513! 

0.1530 

0.1547 

81 

e 

0.1564 

0.1582 

0.1599 

0.1616 

0.1633 

0.1050 

0.1668 

0.1085 

0.1702 

0.1719 

80° 

10» 

0.1736 

0.1754 

0.1771 

0.1788 

0.1805 

0.1822, 

0.1840 

0.1857 

0.1874 

0.1891 

79 

11 

0.1908 

0.1925 

0.1942 

0.19590.1977 

0.1994 

0.2011 

0.2028 

0.2045 

0.2062 

78 

12 

0.2079; 

0.2096 

0.2113! 

0.2130 

0.2147 

0.2164 

0.2181 

0.2198, 

0.2215 

0.2232 

77 

13 

0.225010.22670.228410.2300 

0.2317, 

0.2334 

0.2351 

0.2308, 

0.2385 

0.2402 

76 

14 

0.2419 

0 2436 

0 2453|0.2470 1 

0.2487 

0.2504^ 

0.2521 

0.2538 

0.2554 

0.2571 

75 

15 

0.2588 

0.2605 

0.2622' 

0.2639 

0.2656 

0.2672 

0.2689 

0.2706 

0.2723 

0.2740, 

74 

16 

0.2756 

0.2773 

0.2790 

0.2807 

0.2823 

0.2840 

0.28571 

0.2874 

0.28901 

0.2907 

73 

17 

0.2924 

0.2940, 

0.2957| 

0 2974 

0 2990 

0.3007 

0.3024 

0.3040, 

0.3057, 

0.3074 

72 

18 

0.3090 

0.3107 

0.3123; 

0.3140 

0.3150 

0.3173 

0.3190 

10.3200, 

0.3223 

0.3239 

71 

19 

0.3256 

0.3272! 

0.3289 

0.3305 

0 3322 

0.3338, 

0.3365 

jO 3371 

0.3387 

0.3404 

70° 

20 c 

0.3420 

0.3437! 

0.3453 

0.3469 

0.3486 

0.3502 

0.3618 

0.3535 

0.3551 

0.3567 

69 

21 

0.3584 

0.3600 

0.3616 

0.3633 

0.3649 

0.3065 

0.3681 

0.3697 

0.3714 

0.3730 

68 

22 

0.3746 

0.3762, 

0.3778 

0.3795 

0.3811 

0.3827 

0.3843 

0.3859! 

0.3875 

0.3891 

67 

23 

0.3907 

0.3923! 

0.3939 

0.3955! 

0.3971 

,0.3987 

0.4003 

0.4019; 

0.4035 

0.4051 

66 

24 

0.4007 

0.4083; 

0.4099 

0.4115 

0.4131 

0.4147 

0.4103 

0.4179, 

0.4195 

0.4210 

65 

25 

0.4226 

0.4242 

0.4258! 

0.4274 

0.4289 

0.4306 

0.4321 

0.4337 

0 . 4352 ' 

0.4368 

| 64 

26 

0.4384 

0.4399 

0.4415, 

0.4431 

0.4446 

0.4462 

0.4478 

,0.4493 

0.4509 

0.4524 

63 

27 

0.4540 

0.4555 

0.4571 

0.4586 

0.4602 

0.4617 

0.4633 

0.4648 

0.4664 

0.4679 

62 

28 

0.4695 

0.4710 

0.4726! 

0.4741 

0.4756 

0.4772 

0.4787,0.4802 

0.4818 

0.4833 

1 61 

29 

0.4848 

0.4863 

0.4879 

0.4894 

10.4909 

'0.4924 

0.4939 

jO.4955 

0.4970 

0.4985 

00° 

30° 

0.5000 

0.5015] 

0.5030 

(0.5045, 

0.5000)0.5075 

0.5090 

,0.5105 

0.5120 

0.6135 

! 50 

31 

0.5150 

0.5165| 

0.5180 

10 5195[0.5210 

0.5225 

,0.5240 

10.5255 

10.5270 

0.5284 

58 

32 

0.5299 

0.5314! 

0.5329 

0.5344 0.5368 

0.5373 

0.5388 0.5402 

0.5417 

0.5432 

57 

33 

0.5446 

0.5461! 

0.5476 

0.5490! 

0.5505 

,0.5519 

0.5534 

,0.5648 

,0.5563 

0.5577 

56 

34 

0.5692 

0.5606 

0.5621 

0.5836 

j0.5660 

'0.5664 

0.5678 

0.5093 

0.5707 

0.5721 

55 

35 

0.5736 

0.5750 

0.5764 

0.5779 

,0.5793 

0.5807 

0.5821 

10.5835 

0.5850 

0.5864 

54 

30 

0.5878 

0.5802 

0.5906 

0.5920 

0.5934 

0.5948 

0.5962 

0.5976 

0.5990 

0.0004 

53 

37 

0.6018 

0.6032 

0.6046 

0.0060 

0.6074 

0.6088 

0.6101 

0.6115 

0.0129 

;0.6143 

52 ' 

38 

0.6157 

0.6170 

0.6184 

0.0198 

0.8211 

0.6225 

0.6239 

0.6252 

0.6200 

0.0280 

51 

39 

0.6293 

0.0307 

0.6320 

0.6334 

0.0347 

0.6361 

0.8374 

0.6388 

0.6401 

0.6414 

50° 

40* 

0.6428 

0.0441 

0.6455 

0.6468 

0.6481 

0.6494 

0.0508 

0.0521 

0.6534 

0.6547 

49 

41 

0.6561 

0.0574 

0.658710.6600 

0.6613 

0.6626 

0.0639 

0.0052 

0.6665 

0.0678 

48 

42 

0.6691 

0.0704 

0 0717 

0.6730 

0.0743 

0.6750 

0.0709 

0.6782 

0.0794 

0.6807 

47 

43 

0.6820 

0.0833 

0 6845 

0.0858 

0.0871 

0.6884 

0.6896 

0.0909 

0.6921 

0.0934 

46 

44 

0.6947 

0.6959 

0.6972 

0.8984 

0.6997 

;0.7009 

0.7022 

0.7034 

0.7046 

0.7059 

45 


•1.0 

•0.9 

°0.8 

•0.7 

1 °0.6 

) "0 5 

1 "0.4 

•0.3 

°0.2 

1 

• 0.1 

Deg. 
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480 HYDRAULIC DEVELOPMENT AND EQUIPMENT 


Table 40.—Natural Tangents and Cotangents 

Noth. —For cotangent* use right-hand column of degrees and lower line of tenths 
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482 HYDRAULIC DEVELOPMENT AND EQUIPMENT 


Table 41.—Squares, Cubes, Square and Cube Roots op Numbers prom 

1 to 500 


No. 

: - i 

Square | 

Cube 

Square 

root 

1 

Cube 

root 

No. 

Square 

Cube 

Square 

root 

Cube 

root 

1 1 

1 

1 

1.0000 

l.ooooi 

51 

2601 

132651 

7.1414 

3.7084 

2 

4 

8 

1.4142 

1.2599: 

52 

2704 

140608 

7.2111 

3.7325 

3 ! 

9 

27 

1.7321 

1.4422 

53 

2809 

148877 

7.2801 

3.7563 

4 

16 

64 

2.0000 

1.5874 

64 

2916 

157464 

7.3485 

3.7798 

5 

25 

125 

2.2361 

1.7100 

55 

3025 

166375 

7.4162 

3.8030 

0 

36 

216 

2.4495 

1.8171 

56 

3136 

175616 

7.4833 

3.8259 

7 

49 

343 

2.0458 

1.9129 

67 

3249 

185193 

7.5498 

3.8485 

8 

64 

512 

2.8284 

2.0000 

68 

3364 

195112 

7.6158 

3.8709 

9 

81 

729 

3.0000 

2.0801 

69 

3481 

206379 

7.8811 

3.8930 

10 

100 

1000 

3.1023 

2.1544 

60 

3600 

218000 

7.7460 

3.9149 

n 

121 

1331 

3.3166 

2.2240 

01 

3721 

226981 

7.8102 

3.9385 

12 

144 

1728 

3.4641 

2.2894 

62 

3844 

238328 

7.8740 

3.9579 

13 

169 

2197 

3.6056 

2.-3513 

63 

3969 

250047 

7.9373 

3.9791 

14 

196 

2744 

3.7417 

2.4101 

64 

4096 

282144 

8.0000 

4.0000 

15 

225 

3375 

3.8730 

2.4662 

65 

4225 

274625 

8.0623 

4.0207 

16 

256 

4096 

4.0000 

2.5198 

66 

4356 

287496 

8.1240 

4.0412 

17 

289 

4913 

4.1231 

2.5713 

67 

4489 

300763 

8.1854 

4.0615 

18 

324 

5832 

4.2426 

2.6207 

68 

4624 

314432 

8.2462 

4.0817 

19 

361 

6859 

4.3589 

2.6684 

69 

4781 

328509 

8.3066 

4.1016 

20 

400 

8000 

4.4721 

2.7144 

70 

4900 

343000 

8.3666 

4.1213 

21 

441 

9261 

4.5826 

2.7589 

71 

5041 

357911 

8.4261 

4.1408 

22 

484 

10648 

4.6904 

2.8020 

72 

5184 

373248 

8.4853 

4.1602 

23 

529 

12187 

4.7958 

2.8439 

73 

5329 

389017 

8.5440 

4.1793 

24 

576 

13824 

4.8990 

2.8845 

74 

5476 

! 405224 

8.6023 

4.1983 

25 

625 

15625 

5.0000 

2.9240 

75 

5625 

421875 

8.6603 

4.2172 

26 

870 

17578 

5.0990 

2.9625 

76 

5776 

438976 

8.7178 

4.2358 

27 

729 

19683 

5.1962 

3.0000 

77 

5929 

456533 

8.7750 

4.2543 

28 

784 

21952 

5.2915 

3.0366 

78 

6084 

474552 

8.8318 

4.2727 

29 

841 

24389 

5.3852 

3.0723 

79 

6241 

493039 

8.8882 

4.2908 

30 

900 

27000 

5.4772 

3.1072 

80 

6400 

512000 

8.9443 

4.3089 

31 

961 

29791 

6.5678 

3.1414 

81 

6561 

531441 

9.0000 ; 

4.3267 

32 

1024 

32768 

5.6509 

3.1748 

82 

6724 

551368 

9.0554 

4.3445 

33 

1089 

35937 

6.7446 

3.2075 

83 

6889 

571787 

9.1104 

4.3621 

34 

1156 

39304 

5.8310 

3.2396 

84 

7066 

592704 

8.1652 

4.3795 

35 

1225 

42875 

5.9181 

3.2711 

85 

7225 

614125 

9.2195 

4.3968 

36 

1296 

40656 

6.0000 

3.3019 

86 

7396 

636056 

9.2736 ' 

4.4140 

37 

1369 

50653 

6.0828 

3.3322 

87 ! 

7889 

658503 

9.3276 

4.4310 

38 

1444 

54872 

6.1644 

3.3620 

88 

7744 

681472 

9.3808 

4.4480 

39 

1521 

56319 

6.2450 

3.3912 

89 

7921 

704969 

9.4340 

4.4647 

40 

1800 

64000 

6.3246 

3.4200 

90 

8100 

729000 

9.4868 

4.4814 

41 

1881 

88 B21 

6.4031 

3.4482 

B1 

8281 

733571 

9.5304 

4.4979 

42 

1764 

74088 

8.4807 

3.4780 

92 

8464 

778688 

9.5917 

4.5144 

43 

1849 

79507 

6.5574 

3.5034 

93 

8640 

804357 

9.8437 

4.5307 

44 

1939 

85184 

6.6332 

3.5303 

94 

8836 

830584 

9.6954 

4.5468 

45 

2025 

91125 

6.7082 

3.5569 

95 

9025 

857375 

9.7468 

4.5629 

46 

2116 

97336 

6.7823 

3.5830 

96 

9216 

884736 

9.7980 

4.5789 

47 

2209 

103823 

6.8557 

3.6088; 

97 

9409 

912673 

9.8489 

4.5947 

48 

2304 

110592 

6.9282 

3.6342 

08 

9804 

941192 

8.3995 

4.6104 

49 

2401 

117849 

7.0000 

8.6593 

99 

9801 

970299 

9.9499 

4.6261 

50 

2500 

125000 

7.0711 

3.6840 

100 

10000 

1000000 

10.0000 

4.6416 
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Table 41. —Squares, Cobbs, Square and Cobb Roots of Numbers from 
1 to 500 .—Continued 


No. 

Square | 

1 

Cube | 

j 

Square 

root 

Cube 1 
root j 

No. ! 

! 

Square 1 

1 

Cube | 

| 

Square 

root 

if 

101 

10201 

1030301 

10.0499 

4.6570 , 

151 

22801 

3442951 

12.2882 

5.3251 

102 

10404 

1061208 

10.0995 

4.6723 | 

152 

23104 

3511808 

12.3288 

5.3368 

103 

10609 

1092727 

10.1489 

4.6875 

153 

23409 

3581577 

12.3693 

5.3485 

104 

10816 

1124864 

10.1980 

4.7027' 

154 

23716 

3652264 

12.4097 

5.3601 

105 

11025 

1157625 

10.2470 

4.7177i 

155 

24025 

3723875 

12.4499 

5.3717 

106 

11236 

1191010 

10.2956 

4.7326 1 

156 

24336 

3796416 

12.4900 

5.3832 

107 

11449 

1225043 

10.3441 

4.7475 

157 

24649 

3869893 

12.5300 

5.3947 

108 

11664 

1259712 

10.3923 

4.7622, 

158 

24964 

3944312 

12.5698 

5.4061 

100 

11881 

1295029 

10.4403 

4.7769, 

159 

25281 

4019679 

12.6095 

5.4175 

110 

12100 

1331000 

10.4881 

4.7914; 

160 

25600 

4096000' 

i 

12.6491 

5.4288 

111 

12321 

1367631 

10.5357 

4.8059 

161 

25921 

4173281i 

12.6886 

5.4401 

112 

12544 

1404928 

10.5830 

4.8203; 

162 

26244 

4251528 

12.7279 

5.4514 

113 

12709 

1442897 

10.6301 

4.8346 

163 

26569 

4330747 

12.7671! 

5.4626 

114 

12996 

1481544 

10.6771 

4.8488, 

164 

26896 

4410944 

12.8062 

5.4737 

115 

13225 

1520875 

10.7238 

4.8629 

165 

27225 

4492125 

12.8452 

5.4848 

116 

13456 

1560896 

10.7703 

4.8770; 

166 

27556 

4574296 

12.8841 

5.4959 

117 

13689 

1601613 

10.8167 

4.8910| 

167 

27889 

4657463 

12.9228: 

5.5069 

118 

13924 

1643032 

10.8628 

4.90491 

168 

28224 

4741632 

12.96151 

5.5178 

119 

14161 

1685159 

10.9087 

4.9187; 

169 

28561 

4826809 

13.0000 

5.5288 

120 

14400 

1728000 

10.9545 

4.9324 

170 

28900 

4913000 

13.0384, 

5.5397 

121 

14041 

1771561 

11.0000 

4.9461! 

171 

29241 

5000211 

13.0767 

5.5505 

122 

14884 

1815848 

11.0454 

4.9597 1 

172 

29584 

5088448; 

13.1149 

5.5613 

123 

15129 

1860867 

11.0905 

4.9732, 

173 

29929 

5177717 

13.1529 

5.5721 

124 

15376 

1906624 

11.1355 

4.9866 

174 

30276 

5268024 

13.1909 

5.5828 

125 

15625 

1953125 

11.1803 

5.0000; 

175 

30625 

5359375 

13.2288 

5.5934 

126 

15876 

2000376 

11.2250 

5.0133! 

776 

30976 

5451776 

13.2665 

5.6041 

127 

16129 

2048383 

11.2094 

5.02651 

177 

31329 

5545233 

13.3041 

5.6147 

128 

16384 

2097152 

11.3137 

5.0397! 

178 

31684 

5639752 

13.3417 

5.6252 

129 

16641 

2146689 

11.3578 

5.0528; 

179 

32041 

5735339 

13.3791 

5.6357 

130 

16900 

2197000 

11.4018 

5.0658 

180 

32400 

6832000 

13.4164 

5.6462 

131 

17161 

2248091 

11.4455 

5.0788! 

181 

32761 

5929741 

13.4536 

5.6567 

132 

17424 

2299968 

11.4891 

5.0916| 

182 

33124 

6028568 

! 13.4907 

5.6671 

133 

17689 

2352637 

11.5326 

5.10451 

183 

33489 

6128487 

j 13.5277 

5.6774 

134 

17956 

2406104 

11.5758 

5.1172; 

184 

33856 

6229504 

13.5647 

5.6877 

135 

18225 

2460375 

11.6190 

5.1299 

185 

34225 

6331625 

13.8015 

5.6980 

136 

18496 

2515456 

11.6619 

5.1426 

186 

34596 

6434856 

13.6382 

5.7083 

137 

18769 

2571353 

11.7047 

5.1551 

187 

34969 

6539203 

13.6748 

5.7185 

138 

19044 

2628072 

11.7473 

5.1676 

* 188 

35344 

6644672 

13.7113 

5.7287 

139 

19321 

2685619 

11.7898 

5.1801 

189 

35721 

6751269 

13.7477 

5.7388 

140 

19600 

2744000 

11.8322 

5.1925 

190 

36100 

6859000 

13.7840 

5.7489 

141 

19881 

2803221 

11.8743 

5.2048 

191 

36481 

6967871 

13.8203 

5.7590 

142 

20164 

2863288 

11.9164 

6.2171 

192 

36864 

7077888 

13.8564 

5.7690 

143 

20449 

2924207 

11.9583 

5.2293 

193 

37249 

7189057 

13.8924 

5.7790 

144 

20736 

2985984 

12.0000 

5.2415 

194 

37636 

7301384 

13.9284 

5.7890 

145 

21025 

3048625 

12.0416 

5.2536! 

195 

38025 

7414875 

13.9642 

5.7989 

146 

21316 

3112136 

12.0830 

6.2656 

196 

38416 

7529536 

14.0000 

5.8088 

147 

21609 

3176523 

12.1244 

5.2776i 

197 

38809 

7645373 

14.0357 

5.8186 

148 

21904 

3241792 

12.1655 

5.2896 

198 

39204 

7762392 

14.0712 

5.8285 

149 

22201 

3307949 

12.2066 

6.3015; 

199 

39601 

7880599 

14.1067 

5.8383 

150 

22500 

3375000 

12.2474 

5.3133 

200 

40000 

8000000 

14.1421 

5,8480 
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Table 41.—Squares, Cubes, Square and Cube Roots of Numbers from 
1 to 500.— Continued 


„ . 1 

No. Square j 

Cube j 

Square 

root 

Cube ! 
root j 

1 

[ No. 

Square 

Cube i 

Square 

root 

Cube 

root 

201 

40401 

8120601 

14.1774 

5.8578 

251 

63001 

15813251 

15.8430 

6.3080 

302 

40804 

8242408 

14.2127 

5.8675 

252 

03504 

16003008 

15.8745 

6.8164 

203 

41209 

8365427 

14.2478 

5.8771 

253 

64009 

10194277 

15.9060 

6.3247 

204 

41810 

8489664 

14.2829 

5.8868 

254 

64516 

16387064 

15.9374 

6.3330 

205 

42025 

8615125 

14.3178 

5.8964 

255 

65025 

16581375 

15.9687 

6.8413 

200 

42436 

8741816 

14.3527 

5.9059; 

256 

65536 

16777210 

16.0000 

8.84M 

307 

42849 

8869743 

14.3875 

5.9155 

257 

86049 

16974593 

16.0312 

6.8579 

208 

43264 

8998912 

14.4222 

5.9250 

258 

66564 

17173512 

16.0624 

6.3661 

209 

43681 

9129329 

14.4568 

6.9345 

259 

67081 

17373979 

10.0935 

6.3743 

210 

44100 

9261000 

14.4914 

5.9439 

260 

67600 

17576000 

16.1246 

6.3825 

211 

44521 

9393931 

14.5258 

5.9533 

261 

68121 

17779581 

18.1555 

6.3907 

212 

44944 

9528128 

14.5602 

5.9627 

202 

68644 

17984728 

16.1864 

6.3988 

212 

45369 

9663597 

14.5945 

4-9721 

263 

09109 

18191447 

10.2173 

6.4070 

214 

45798 

9800344 

14.6287 

5.9814 

264 

09096 

18399744 

16.2481 

6.4151 

215 

46225 

9938375 

14.6629 

5.9907 

265 

70225 

18609625 

16.2788 

6.4232 

218 

46656 

10077696 

14.6969 

0.0000 

206 

70756 

18821090 

16.3095 

6.4312 

217 

47089 

10218313 

14.7309 

8.0092 

287 

71289 

19034163 

16.3401 

6.4393 

21 S 

47824 

10360232 

14.7648 

0.0185 

268 

71824 

19248832 

10.3707 

6.4473 

219 

47981 

10503459 

14.7986 

6.0277! 

269 

72361 

19465109 

16.4012 

6.4553 

220 

48400 

10648000 

14.8324 

6.0368 

270 

72900 

19683000 

16.4317 

6.4633 

221 

48841 

10793861 

14.8661 

0.0459 

271 

73441 

19902511 

16.4621 

6.4713 

222 

49284 

10941048 

14.8997, 

0.0550! 

272 

73984 

20123648 

16.4924 

6.4792 

223 

49729 

11089567 

14.0332; 

0.06411 

273 

74529 

20346417 

10.5227 

6.4872 

224 

50178 

11239424 

14.9606| 

6.0732: 

274 

75076 

20570824 

16.5529 

6.4951 

225 

50625 

11300625 

15.0000: 

0.0822, 

275 

75625 

20796875 

10.5831 

6.5030 

228 

51078 

11543176 

15.0333! 

6.0912; 

276 

76176 

21024570 

16.6132 

6.5108 

227 

51529 

11697083 

15.06651 

0.1002! 

277 

76729 

21253933 

16.6433 

6.5187 

338 

61984 

11852352 

15.0997 

0.10911 

278 

77284 

21484952 

18.6733 

8.5265 

220 

52441 

12008989 

15.1327; 

6.1180 

279 

77841 

21717639 

16.7033 

6.5343 

230 

52900 

12167000 

15.1658! 

6.1269j 

280 

78400 

21952000 

16.7332 

6.5421 

331 

53361 

12326391 

15.1987 

6.1358< 

281 

78901 

22188041 

16.7631 

6.5499 

232 

53824 

12487108 

15.2315 

6.1440 

282 

79524 

22425768 

16.7929 

6.5577 

233 

54289 

12649337 

15.2643 

6.1534 

283 

80089 

22665187 

18.8226 

6.5554 

234 

54756 

12812904 

15.2971 

6.1622; 

284 

80656 

22906304 

16.8523 

6.6731 

235 

55225 

12977875 

15.3297 

6.1710' 

•285 

81225 

23149125 

10.8819 

6.5808 

230 

55696 

13144256 

15.3623 

6.1797! 

286 

81796 

23393656 

16.9115 

6.5885 

237 

56169 

13312053 

15.3948 

6.1885; 

287 

82369 

23639903 

16.9411 

6.5962 

238 

56644 

13481272 

15.4272 

6.1972' 

288 

82944 

23887872 

16.9706 

6.6039 

236 

57121 

13051919 

15.4596 

6.2058 

289 

83521 

24137569 

17 8000 

6.6115 

240 

57600 

13824000 

15.4919 

6.2145’ 

290 

84100 

24389000 

17.0294 

6.6191 

241 

58081 

13997521 

15.5242 

6.223l| 

291 

84681 

24642171 

17.0587 

6.6267 

242 

58564 

14172488 

15.5563 

8.2317! 

292 

85264 

24897088 

17.0880 

•t.ma 

243 

59049 

14348907 

15.5885 

6.2403! 

293 

85849 

25153767 

17.1172 

6.6419 

244 

59536 

14520784 

15.0205 

6.2488' 

294 

86436 

25412184 

17.1464 

6.6494 

246 

60025 

14706125 

15.6525 

6.2573, 

295 

87025 

It "My ■ 

17.1756 

6.6569 

240 

80518 

14886936 

15.0844 

0.20581 

290 

87618 

I];? 1 ’! 

17.2047 

6.6644 

247 

61009 

15069223 

15.7182 

6.2743: 

297 

88206 

26198073 

17.2337 

8 . .1719 

248 

81504 

15252992 

15.7480 

6.2828 

298 

88804 

26463592 

17 5627 

6.6794 

249 

62001 

15438249 

15.7797 

6.2912 

299 

89401 

28730898 

17.2916 

6.6869 

250 

62500 

15625000 

15.8114 

6.2990 

300 

90000 

27000000 

17.8205 

6.6943 
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Table 41. Squares, Cubes, Square and Cube Roots of Numbers from 
1 to 500.— Continued 


No. 

Square 

Cube 

Square 

root 

Cube 

root 

No. 

Square 

Cube 

Square 

root 

Cube 

root 

SOI 

30601 

27270901 

17.3494 

6.7018 

351 

123201 

43243551 

18.7360 

7.0540 


01204 

27543608 

17.3781 

6.7092 

352 

123904 

43614208 

18.7617 

7.0007 


91803 

27818127 

17.4069 

6.7166 

353 

124609 

43986977 

18.7883 

7.0674 

S' 

92416 

2809440! 

17.4356 

6.7240 

354 

125316 

44361864 

18.8149 

7.0740 


93025 

28372625 

17.4642 

6.7313 

356 

126025 

44738875 

18.8414 

7.0807 


93636 

28652611 

17.4929 

0.7387 

356 

126736 

45118016 

18.8080 

7.0873 


04249 

28934443 

17.5214 

6.7460 

357 

127446 

45499293 

18.8944 

7.0940 


94864 

29218112 

17.5499 

6.7533 

358 

128164 

45882712 

18.9209 

7.1006 


05481 

29503622 

17.5784 

0.7606 

359 

128881 

46268279 

18.9473 

7.1072 

310 

96100 

29701000 

17.6068 

6.7679 

360 

129600 

46656000 

18.9737 

7.1138 

811 

96721 

30080231 

17.6352 

6.7752 

361 

130321 

47045881 

19.0000 

7.1204 

312 

97344 

30371328 

17.6635 

0.7824 

362 

131044 

47437928 

19.0263 

7.1269 

313 

97969 

30664297 

17.6918 

6.7897 

363 

131769 

47832147 

19.0626 

7.1335 

814 

98596 

30959144 

17.7200 

6.7969 

304 

132496 

48228644 

19.0788 

7.1400 

315 

99225 

31255875 

17.7482 

0.8041 

365 

133225 

48627125 

19.1050 

7.1466 

816 

09856 

31554496 

17.7764 

6.8113 

366 

133950 

49027896 

19.1311 

7.1531 

317 

100480 

81855013 

17.8045 

6.8185 

307 

134689 

49430863 

19.1572 

7.159S 

318 

101124 

32157432 

17.8326 

6.8256 

368 

135424 

40836032 

19.1833 

7.1661 

310 

101761 

32461759 

17.8606 

0.8328 

369 

136161 

. 50243409 

19.2094 

7.1726 

320 

102400 

32768000 

17.8885 

6.8399 

370 

136900 

50653000 

19.2354 

7.1791 

821 

103041 

33076161 

17.8165 

6.8470 

371 

137641 

51064811 

19.2614 

7.1855 

822 

103684 

83386248 

17.8444 

6.8541 

372 

138384 

51478848 

19.2873 

7.1920 

223 

104329 

33698267 

17.9722 

6.8612 

373 

139129 

51895117 

19.3132 

7.1984 

824 

104976 

34012224 

18.0000 

6.8683 

374 

139876 

52313624 

19.3391 

2.2048 

325 

105625 

34328125 

18.0278 

6.8753 

375 

140625 

52734375 

19.3649 

7.2112 

326 

108276 

34645976 

18.0555 

6.8824 

376 

141376 

53157376 

19.3907 

7.2177 

327 

106929 

34965783 

18.0831 

6.8894 

377 

142129 

53582633 

19.-4165 

7.2240 

828 

107584 

35287552 

18.1108 

6.8964 

378 

142884 

54010152 

19,4422 

7.2304 

329 

108241 

35611289 

18.1384 

6.9034 

379 

143641 

54439939 

19.4679 

7.2368 

330 

108900 

35937000 

18.1659 

6.9104 

380 

144400 

54872000 

19.4936 

7.2432 

331 

109561 

36264601 

18.1934 

6.9174 

381 

145161 

55306341 

19.5192 

7.2495 


110224 

36594368 

18.2209 

6.9244 

382 

145924 

55742968 

19.5448 

7.2558 

Biffs 

110889 

36026037 

18.2483 

6.9313 

383 

146689 

50181887 

19.6704 

7.2622 


111556 

37250704 

18.2757 

6.9382 

384 

147456 

56623104 

19.5959 

7.2685 

BttB 

112225 

37595376 

18.3030 

6.9451 

385 

148225 

57066625 

19.6214 

7.2748 

Btts 

112896 

37033056 

18.3303 

6.9521 

386 

148996 

57512456 

19.6469 

7.2811 


113569 


18.3576 

6.9589 

387 

149769 

57960603 

19.6723 

7.2874 

HtiV 

114244 


18.3848 

6.9658 

388 

150544 

68411072 

19.6977 

7.2936 


114921 

38958219 

18.4120 

6.9727! 

389 

151321 

58863869 

19.7231 

7.2999 

340 

115600 

39304000 

18.4391 

6.9795 

390 

152100 

59319000 

19.7484 

7.3061 

841 

116281 

39651821 

18.4662 

6.9864 

391 

152881 

69776471 

19.7737 

7.3124 


116964 

40001688 

18.4932 

6.9932 

392 

153664 

602382S8 

19.7995 

7.3186 


117649 

40353607 

18.5203 

7.0000 

393 

154449 

60698457 

19.8242 

7.3248 


118336 

40707584 

18.6472 

7.0068 

394 

155236 

61162984 

19.8494 

7.8310 


110025 

41063825 

18.5742 

7.0136 

395 

156025 

61629875 

19.8746 

7.3372 

BrfS 

119716 

41421736 

18.6011 

7.0203 

396 

156816 

62099136 

19.8997 

7.3434 

BnS 

120409 

41781923 

18.6279 

7.0271 

397 

157609 

62570773 

19.9249 

7.3496 


121104 

42144192 

18.6548 

7.0338 

398 

158404 

63044792 

19.9499 

7.3558 


121801 

42608549 

18.6815 

7.0406 

399 

159201 

63621199 

19.9750 

7.3619 

880 

122500 

42875000 

18.7083 

7.0473 

400 

160000 

64000000 

20.0000 

7.8681 
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Cube Square 1 Cube 
lul>e rout | root 


No. Square 


Square Cube 
root root 


64481201 20.0250 
64964808120.0499 
65460827 20.0749 
65939264 20.0998 
66430125 20.1246 
66923410 20.1494 
67419143 20.1742 
67917312 20.1990 
68417029 20.2237 
68921000120.2485 

69426531 20.2731 
69934528 20.2978 
70444997 20.3224 
70957944 20.3470 
71473375 20.3715 
71991296 20.3061 
72511713 20.4206 
73034632 20.44.50 
73560059 20.4696 
74088000 20.4939 


74618461 2 
75151448 2 
75686967 2 
7622.5024 2 
70765625 2 
77308776 2 
77854483 2 
78402752 2 
78953589 2 
79507000 2 

• 80062991 2 
80621568 2 
81182737 2 
81746.504 2 
82312875 2 
82881856 2 
83453453 2 
84027072 2 
84004519 2 
85184000 2 


85766121 21.1 
86350888! 21. i 
80938307 21.) 
87528384 2lJ 
88121125 21.i 
88716536 21. 
89314623 21. 
89915392 21. 
9051884921. 
91125000:21. 


20.5183 

20.5426 

20.5670 

20.5913 

20.6155 

20.6398 

20.6640 

20.6882 

20.7123 

20.7364 


7.3742 ! 451 
7.38031 452 
7.3864' 453 
7.3925 454 
7.39861 455 
7.4047i 456 
7.4108 457 
7.4169: 458 
7.4229 459 

7.4290 460 

7.4350 461 
7.4410 462 
7.4470 463 
7.4530 464 
7.4590 465 
7.4650 406 
7.4710 467 
7.4770 468 
7.4829 469 
7.4889 470 

7.4948 471 
7.5007 472 
7.5067 473 
7.5120 474 
7.5185 475 
7.5244 476 
7.5302 477 
7.5361 478 

7.5420 479 
7.5478 480 

7.5537 481 
7.5595 482 
7.6674 483 
7.5712 484 
7.5770 485 
7.5828 486 
7.5886 487 
7.5944 488 
7.6001 489 
7.6059 490 

7.6117 491 
7.6174 492 
7.6232 493 
7.6289 494 
7.6346 495 
7.6403 496 
7.6460 497 
7.6517 498 
7.6574 499 
7.6631 600 


91733851 21.2368 
92345408 21.2003 
92959677 21.2838 
93576664 21.3073 
94190375 21.3307 
94818816 21.3542 
95443993 21.3776 
98071912 21.4009 
96702579 21.4243 
97336000 21.4476 

97972181 21.4709 
98611128 21.4942 
99252847 21.5174 
99897344 21.5407 
100544025 21.5630 
101194696 21.5870 
101847563 21.6102 
102503232 21.6333 
103161709 21.6504 
103823000 21.6795 

104487111 21.7025 
105154048 21.7256 
105823817 21.7486 
106496424 21.7715 
107171875 21.7945 
107850176 21.8174 
108531333 21.8403 
109215352 21.8632 
109902239 21.8801 
110592000 21.9089 

111284641 21.9317 
111980168 21.9545 
112078587 21.9773 
113379904 22.0000 
114084125 22.0227 
114791250 22.0464 
115501303 22.0681 
116214272 22.0907 
116930169 22.1133 
117649000 22.1359 

118370771 22.1585 
119095488 22.1811 
119823157 22.2036 
120553784 22.2261 
121287375 22.2486 
122023936 22.2711 
122763473 22.2935 
123505992 22.3159 
124251499 22.3383 
125000000 22.3607 
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Table 42. Table of Three-halves (%) Power of Numbers* 


No. 

0.0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0, 

0.8 

0.9 

0 

0.0000 

0.0316 

0.0894 

0.1843 

0.2630 

0.3536 

0.4048 

0.5857 

0.7155 

0.8538 

1 

1.0000 

1.1537 

1.3145 

1.4822 

1.6565 

1.8371 

2.0231 

2.2165 

2.4150 

2.6190 

2 

2.8284 

3.0432 

3.2631 

3.4881 

3.7181 

3.9521 

4.1924 

4.4366 

4.6853 

4.9385 

3 

8.1062 

8.4881 

5.7243 

5.9947 

6.2693 

6.5471 

6.8306 

7.1171 

7.4076 

7.7019 

4 

8.0000 

8.3019 

8.6074 

8.9167 

9.2295 

9.5451 

9.8651 

10.1894 

10.5163 

10.8466 

5 

11.1803 

11.5174 

11.8578 

12.2015 

12.5485 

12.8980 

13.2620 

13.6086 

13.9682 

14.3311 

6 

14.6969 

15.0659 

15.4379 

15.8129 

16.1909 

16.6718 

16.0667 

17.3425 

17.7322 

18.1248 

7 

16.8203 

18.0185 

19.3196 

19.7235 

20.1302 

20.630( 

20.9518 

21.3666 

21.7842 

22.2045 

8 

22.6274 

23.0530 

23.4812 

23.9121 

24.3455 

24.7816 

26.2202 

25.6613 

26.1050 

26.5523 

9 

27.0000 

27.4512 

27.9050 

28.3612 

28.8199 

29.281C 

29.7445 

30.2105 

30.6789 

31.1496 

10 

31.6228 

32.0983 

32.5762 

33.0564 

33.5390 

34.0239 

34.6111 

35.0006 

35.4924 

35.9865 

n 

36.4829 

36.9815 

37.4824 

37.9855 

38.4008 

38.9984 

39.5082 

40.0202 

40.5343 

41.0507 

12 

41.5692 

42.0910 

42.6128 

43.1388 

43.6648 

44.1952 

44.7256 

45.2600 

45.7914 

46.3332 

13 

46.8720 

47.4148 

47.9576 

48.5048 

49.0520 

49.6032 

50.1544 

50.7096 

51.2618 

51.8240 

14 

52.3832 

52.9464 

53.5096 

51.0768 

54.6440 

55.2152 

55.7864 

56.3616 

56.9368 

57.5156 

15 

58.0944 

58.8776 

59.2608 

59.8472 

60.4336 

61.0244 

61.6152 

62.2096 

62.8040 

63.4020 

16 

64.0000 

64.6020 

65.2040 

65.8096 

66.4152 

67.0244 

67.6336 

68.2464 

68.8592 

69.4760 

17 

70.0928 

70.7132 

71.3336 

71.9572 

75.5808 

73.2084 

73.8360 

74.4672 

75.0984 

75.7328 

18 

76.3872 

77.0056 

77.6440 

78.2856 

78.0272 

70.6721 

80.2176 

80.8664 

81.5152 

82.1672 

19 

82.8192 

83.4748 

84.1304 

84.7892 

85.4480 

86.1104 

86.7728 

87.4384 

88.1040 

88.7732 

20 

89.4424 

90.1152 

90.7880 

91.4636 

92.1392 

92.8184 

93.4976 

94.1800 

94.8624 

95.5484 

21 

96.2344 

96.9232 

97.6120 

98.3044 

98.9968 

99.0924 

,100.3880 

101.0868 

101.7856 

102.4872 

22 

103.1883 

103.8940 

104.6008 

105.3076 

106.0160 

106.727C 

107.4392 

108.1540 

108.8688 

109.5864 

23 

110.3040 

111.0248 

111.7564 

112.4700 

113.1044 

113.9216 

114.6488 

115.3788 

116.1088 

116.8420 

24 

117.5752 

118.3128 

119.0496 

119.7876 

120.5272 

121.2696 

122.0120 

122.7576 

123.5032 

124.2516 

25 

128.0000 

125.7516 

126.5032 

127.2576 

128.0120 

128.7706 

129.5292 

130.2876 

131.0480 

131.8112 

26 

132.5744 

133.3408 

134.1072 

134.8764 

135.6456 

136.4180 

137.1904 

137.9652 

138.7400 

130.5180 

27 

140.2960 

141.0768 

141.8576 

142.6416 

143.4256 

144.2120 

144.9984 

145.7880 

146.5776 

147.3700 

28 

148.1624 

148.9572 

149.7520 

150.5500 

151.3480 

152.1488 

152.9496 

153.7532 

154.5568 

155.3632 

29 

156.1696 

156.9788 

157.7880 

158.6000 

159.4120 

160.2268 

161.04161161.8588 

162.6760 

163.4964 

30 

164.3168 

165.1396 

165.9624 

166.7884 

167.6144 

168.4428 

169.2712 

170.1020 

170.9328 

171.7668 

31 

172.6008 

173.4372 

174.2736 

175.1128 

175.9520 

176.7940 

177.6360 

178.4804 

179.3248 

180.1720 

32 

181.0192 

181.8692 

182.7192 

183.5716:184.4240 

185.2792 

186.1344 

186.9920 

187.8496 

188.7100 

33 

189.5704 

190.4336 

191.2968 

192.1624 

193.0280 

193.8960 

194.7640 

195.6348 

196.5056 

197.3788 

34 

198.2520 

199.1460 

200.0400 

200.9008 

201.7616 

202.6424 

203.5232 

204.4068 

205.2904 

206.1764 

35 

207.0624 

207.9512 

208.8400 

209.7312 

210.6224 

211.5204 

212.4184 

213.3014 

214.2024 

215.1012 

36 

218.0000 

218.9012 

217.8024 

218.7060 

210.6000 

220.5760 

221.4224 

222.3312 

223.2400 

224.1512 

37 

225.0624 

225.9760 

226.8896 

227.8056 

228.7216 

299.6406 

230.5592 

231.4800 

232.4008 

233.3244 

88 

234.2480 

235.1736 

236.0992 

237.0276 

237.9560 

238.8868 

239.8176 

240.7508 

241.6840 

242.6196 

39 

243.5552 

244.4932 

245.4312 

246.3712 

247.3112 

248.2540 

249.1968 

280.1428 

251.0872 

252.0348 

40 

252.9824 

253.9320 

254.8816 

255.8340^ 

256.7864 

257.7412 

258.6960 

259.6528 

260.6096 

261.5688 

41 

262.8280 

263.4896 

264.4512 

265.4152 

266.3792 

267.3456 

268.3120 

269.2804 

270.2488 271.2200 

42 

272.1912 

273.1644! 

274.1376 

275.1132 

276.0888: 

277.0672 

278.0456 

279.6252 

280.0048 

280.9872 

43 

281.9696 

282.9544 

283.9392i 

284.9264: 

285.9136! 

286.9028 

287.8920 

288.8836 

289.8752 

290.8692 

44 

291.8632 

292.8597 

293.8552 

294.8536 

295.8520 

296.8528 

297.8536 

298.8564 

299.8592 

300.8640 

45 

301.8688 

302.8764; 

303.8840 

304.8936 

305.9032 

306.9148 

307.9264 

308.9404 

309.9544 

310.9708 

48 

311.9872 

313.0056 

314.0240 

315.0448 

316.0656! 

317.0877 

318.1112 

319.0856 

320.00001321.1080 

47 

322.2160 

323.2452 

324.2744! 

325.3060! 

326.3376; 

327.3716 

328.4056 

329.4416 

330.4778i331.5155 

48 

332.5536 

333.5927, 

334.6333' 

335.4753! 

339.7188 

337.7588 

338.8081 

349.8529 

340.8972 

Ml. 9479 

49 

343.0000 

344.0486 

345.0986; 

346.1500 347.2079! 

148.2622 

349.3179 

350.3750 

351.4336 

(52.4886 

50 

353.5500 

354.6128 

355.6720! 

.—i 

356.7376; 

357.79961 

I 

358.8681 

359.9329 

360.9992 

l 

362.0719 

363.1409 


’From Water-Supply end Irrigation Paper No. 180. 





488 HYDRAULIC DEVELOPMENT AND EQUIPMENT 


Table 42.— Table op Three-halves (%) Power op Numbers. Concluded 


No. * 0.0 I 0.1 ! 0.2 1 0.3 j 0.4 


£1 

£2 

£3 

£4 

£5 

£6 

£7 

£8 


61 

62 

63 

64 

65 

68 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 

79 

80 

81 

82 

83 

84 

85 


87 

88 
89 


93 

94 
5 


99 

100 


364.2114 

374.9772 

385.8453 

396.8136 

407.8855 

419.0648 
• 430.3386 
, 441.7106 
454.0849 
; 464.7540 

476.4222 
488.1880 
I 500.0436 
I 512.0000 
! 524.0430 

' 536.1840 
548.4151 
500.7416 
573.1554 
585.6620 

£98.2531 

610.9344 

623.7120 


365.2832! 366.3564 367.4311 
376.05781377.1397 378.2331 
386.93431388.0301 389.1219 
397.91631399.0204 400.1258 
409.0017 410.1139 411.2273' 


420.1833 

431.4704 

442.8556 

(455.3271 

465.9192 

1477.3942j 
489. 
501.2348 
513.1974 
525.2528 

537.2996 

549.6429 

561.9748 

574.4006 

586.9122 

500.5152 

612.2083 

624.0903 


630.5702 637.8602 
649.5150 650.81661 


662.5452 

675.0673 

688.8726 

702.1509 

715.5360 

729.0000 

742.5346 

750.1632 

789.8684 

783.6575 

797.5296 

811.4751 

825.5704 

839.6171 

853.8120 


063.8583 

676.9842! 

690.2009 

703.49951 

716.87891 


0.5 0. 


421.3089 422.4257 
432.6036 433.7380 
443.9961 445.1438 
455.4907 456.6455 
467.0797 468.2475 

478.7678 479.9422 
490.54651491.7339 
502.42731503.6211 
514.39601 15.6024 
528.46391527.6762 
I 

538.6230(539.8411 
550.87201552.10221 
563.2160 564.4516 
575.6473 576.8947 
588.1707i589.4303 

600.7850 602.0500 
813.4340 614.75961 


628.1 
.1513 
652.1118 

665.1650 

1677.2043 

691.5226 

704.8324 

718.2230 


627.5579 

640.4437 

653.4157 

.4728 
679.6216 
692.8532 
706.1665 
719.5683 


730.3460,731. 
743.8998(745. 
757.5312,758. 
771.24741772. 
785.0389 086. 

798.9219 800. 
812.8781 814. 
820.9154 828. 
841.0327 842. 
855.2382 856, 


7613 

2580 

9014' 


368.5020 

379.3078 

390.2205 

401.2326 

412.3477 

423.5583 

434.8738 

446.2869 

457.8017 

469.4106 

481.1181 

492.9163 

504.8161 

516.8035 

528.8898 

541.0670 

553.3337 

565.6953 

578.1436 

590.6841 

603.8157 

016.0371 

628.8398 

641.7372 

,654.72081 


0.7 


360.5704(370.6582 371.7333 
380.3940 381.4815 382.570& 


733.0495 
746.6173 
760.2624| 
01921774.0004 
4215 787.8052 


3066 

2736 

3214 

4404 

6564 


801.70111803.0966 
815.6788 817.0763 


829.7374( 

843.8671 

858.0847 


868 . 

882, 

896 

911 . 

925. 

940. 

055. 

970. 

985. 

1000 , 


0763 1869. 
4272 |883. 
8548 1898. 
3582 1912, 
9365 1027, 


5984 

3336 

1412 

0312 

0000 


I 


5130 870.9417 
8652 885.3041 
3932i899.7528| 
8170 914.26751 
4056 928.8664 

0683*943.5392 
8136 958.2948 
6314 973.1129 
,5206 988.0220 


I 


391.31501 

402.3408 

413.4639' 

424.6879 

436.0110 

447.4372 

458.9592 

470.5750 

482.2891 

494.1000 

806.0061 

1618.0069 

630.1046 

642.2878 

664.6666 

666.9334 

679.3937 

,691.9462 

604.6826 

617.3085 

630.1302 

643.03181 

666.0196 


392.4163,393.5136 
403.44481404.6667 
1414.5814 415.7002 


426.8131 

437.1494 

448.5830 

460.1179 

471.7467 

483.4676 

496.2912 

607.2036 

619.2160 

631.3120 

643.6092 

666.6179 

1568.1796 

680.6449 


605.8606 

618.6883 

631.4144 

644.3276 

667.3268 


667.7894 669.0996 
680.9419 682.2635 


694.1771 

707.6016 

720.9148 

734.3989 

747.9776 

1761.6338 

775.3743 

789.1984 


831.14561 

845.2869 

869.6061 


872.3806 873.8114 
886.7445 888.1867 
901.1946 902.6466 
915.72841917.1800 


695.5100 
708.8379 
722.2640 

735.7575 
749.3392 
763.0063 
,776.7493 
790.6843 

804.4932 
818.4837 
832.6649 
846.7068 
860.9366 

875.24321 
889.6280 
904.0982 
918.64391 
0.32811931.79081933.2642 


0.8 


0.9 


426.94631 

438.2892 

449.7300 

461.2720 

472.9137 

484.6473 

496.4774 

608.4024 

520.4209 

634.6313 

1644.7389] 

567.0366 

569.4199 

581.8974 

594.4668 

607.1197 

619.8692 

632.6997 

646.62461 

668.6278 


372.8149 

383.6606 

394.6122 

406.6679 

416.8204 

428.0732 

439.4302 

460.8842 

462.4334 

474.0819 

,486.8222 

497.6648 

1609.5961 

521.6270 

{633.7498 

646.9630 

668.2662 

{670.6616 

583.1510 

596.7263 

{608.3901 

621.0841 

633.9862 

646.9162| 

669.9376 


671.7131 873.0368 
684.9021 686.2271 
698.8361 699.1713 
712.8631 
726.2960 


670.4108 
683.5784 
696.8361 
710.1762 711.5137 
723.6026 724.9623 

737.1091 738.4699 
760.7018 762.0666 


945.0111 946.4841 
959.7672 {961.2603 
974.60611976.08861 
1989.5146|991.0080 


947.9881 

962.7346 

977.6829! 

992.60261 


764.37981 

;778.1338 

791.9712 

806.8909 

819.8834 

833.9662 

848.1267 

862.3670 

876.6761 

891.0712 

906.6619 

920.0986 

:984.7290{ 

949.4331 

904.2099 

979.0684 

993.9980 


766.7461 

779.6110 

793.3691 


807.2810!808.6808 


373.8927 

384.7522 

396.7122 

406.7769 

,417.9419 

429.2080 

{440.5726 

452.0369 

1463.6960 

475.2614 

487.0044 

498.8686 

510.7974 

1522.8844 

634.9630 

647.1884 
669.6027 
571.9119 
584.4069 
590.9921 

609.6016 

622.4274 

636.2813 

648.2145 

661.3408 

674.3614 

687.6464 

700.8292 

714.1941 

727.6490 


739.8237 

763.4303 

767.1219 

780.8892 

794.7482| 


821.2929 

836.8766 

849.6487 

{863.7906 

878.11921 

892.6166 

,906.9972 

1921.6641 

936.1948, 

960.9091 

966.6961 

980.6648] 

996.4946] 


822.6947 

836.7890 

860.9627 

866.2241 

879.6641 

{893.9609 

908.4630 

923.0202 

937.6616 

952.3764 

,967.1736 

{982.0622 

996.9920! 


{741.1870 

764.7962 

768.4904 

782.2770 

796.1383 

,810.0883 

{824.1064 


866.6406 

880.9901 

896.4073 

900.9007 

924.4778 

939.1296 

963.8646 

968.6617 

983.6407 
998.4906 




